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ABSTRACT

Ceramic and ceramic composites are gaining popularity over their metallic
counterparts for orthopedic applications. Metallic biomaterials, like titanium alloys and
CoCrMo alloy, exhibit good performance under concentrated loads but there have been
plenty cases of implant failure due to release of metallic debris causing osteolysis. The
wear debris release is caused by mechanically assisted electrochemical degradation of
contacting surfaces at the joint. Ceramic based biomaterials have shown to exhibit
superior wear performance, but they are prone to brittle fracture. Hence modern ceramic
materials are reinforced with oxides, nitride and carbides too improve fracture resistance.
However, nitrides and carbides reinforcement impart electrochemical activity to ceramic
composite and facilitate electron transfer processes and participate in electrochemical
interaction with aqueous environment. The electrochemical behavior of ceramic
composites with electrochemically active reinforcement needs to be evaluated to account
for any undesirable electrochemical activity for invivo applications. This research
presents, a detailed investigation of electrochemical behavior of alumina-titanium
Carbide (TiC) composite and valuable insights into the potential use of alumina-TiC as a
biomaterial. A systematic analysis of electrochemical behavior under mechanical
perturbation like abrasive wear was performed and related degradation mechanism was
uncovered with combination of quantitative and qualitative methods.
For a better understanding of the reaction mechanism involved in the degradation
process of alumina-TiC composite, studies in the forms of experimental, theoretical and
computational investigation have been performed. Using the concepts of thermodynamics
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and electrochemical reaction kinetics like Butler-Volmer theory along with NernstPlanck transport phenomenon, a great deal of insights into the reaction mechanism for
oxidation of TiC was developed.
Moreover, a potential use of alumina-TiC composite as a biomaterial was
assessed in biologically relevant environment. The electrochemical behavior and
cytocompatible nature of the composite was investigated and compared with common
metallic biomaterials like commercially pure titanium (Cp-Ti) and graphite covered
CoCrMo alloy (GC-CoCrMo). After thorough analysis and supporting observations from
surface and chemical analysis methods, it was concluded that alumina-TiC is
electrochemically stable material than metallic biomaterials and it also favorably supports
HB-MSC cell growth and proliferation.
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CHAPTER 1
INTRODUCTION
In this chapter, an overview of implant materials and the role of their electrochemical
behavior is discussed. Three main categories of biomaterials such as metals, polymers
and ceramics are briefly reviewed as load bearing articulating surfaces of modular
components in implant devices used for total knee arthroplasties (TKA) and total hip
arthroplasties (THA).

1.1 Introduction
1.1.1 Implant materials as bearing surface
The first modern total hip arthroplasty (THA) surgery was performed in the
1970’s, and it consisted of a metal-on-metal (MoM) bearing couple. Metal alloys such
as)Ti-6Al-4V (titanium alloyed with aluminum and vanadium) and CoCrMo (cobalt,
chromium and molybdenum alloy) are commonly preferred biomaterials for total hip and
knee replacements because of their good biocompatibility and elastic behavior under
concentrated loads [1],[2].
Improvement in chemical composition for titanium alloys allowed for the removal
of toxic components like nickel, which has been known to cause adverse tissue reactions
once it comes into contact with the body. These alloys also have low elastic modulus
values between 55-85 GPa, with a yield strength between 500-1000 MPa and elongation
percentage of roughly 10-20%. This allows titanium to closely match the properties of
bones and to reduce the stress-shielding that is often caused by metallic implants of
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higher Young’s modulus (or modulus of elasticity). Known for its high flexibility in
bending, this titanium alloy possesses a fatigue strength (265-816 MPa) that resists
fracture. While titanium is not known as a hard material, recent efforts in improving its
alloying composition has increased its Vickers hardness number to over 300 HV,
surpassing that of 316L stainless steel materials [3].
CoCrMo alloys share some similar material properties as titanium alloys, but their
main strengthening and toughening mechanisms are due to the chromium content. For
example, the heat treatment and cold working manufacturing steps result in the hardened
face-centered cubic structure of cobalt, giving this type of alloys its high modulus of
elasticity of roughly 240 GPa. Because this material is much stronger than titanium and
its alloys, it can often lead to more stress-shielding in surrounding bone tissue. The
biocompatibility of this type of alloy is not on par with that of titanium alloys, though
continuous improvements are seen over the past decade, as some of the more toxic
chemical elements like nickel have been removed from the composition. Efforts have
also been made to improve the wear resistance of CoCrMo alloys as contacting surfaces
through post-processing of CoCrMo surfaces with diamond like carbon (DLC) coating or
through surface polishing to a roughness value of about 5 nm RMS [4].
One main problem associated with MoM implants is their wear performance
under dynamic load conditions. Metallic debris releasing from the tribological wear at the
joint has known to cause serious inflammation, which could result in osteolysis in some
cases, eventually leading to implant loosening and failure, and thus necessitating a
revision surgical procedure to remediate the situation [1].
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With increasing failure rate of MoM combination, replacement of one of the
metallic contacting surfaces in MoM couple with polymer to form metal-on-polymer
couple (MoP) was developed and assessed. For THAs, MoP couple comprises of a
metallic femoral stem and femoral head, typically made of CoCrMo and a polymeric
acetabular cup, typically made out of Ultra-High Molecular Weight Polyethylene
(UHMWPE)[1]. This combination of biomaterials is chosen for their biocompatibility,
good mechanical strength, ductility, low manufacturing cost [1]. MoP combination was a
success initially, however over time; this combination has been showing release of
polymeric and metallic particulate debris, which overall increases the rate and magnitude
of the tissue inflammation in the body and failure just like MoM combination.
Finally, the field of ceramics was drastically improved over past decades, and the
first ceramic-on-polyethylene (CoP) joints were introduced for biomedical applications.
Ceramics are chosen over their metallic counterparts recently in orthopedics in certain
situations due to superior mechanical strength, wear resistance, hardness, chemical
inertness. The first ceramics to be introduced to the market were alumina (Al2O3) and
zirconia (ZrO2) in form of femoral heads, and they showed promising results for the
future of the ceramic biomaterials field. Alumina has better wear resistance and higher
hardness than metallic heads and zirconia exhibits even better fracture toughness and
tensile strength than alumina [1],[5],[6]. However, due to their inherent brittleness,
ceramics do not sustain high impact or non-uniform loads [2] and show little to no plastic
deformation under mechanical extremes and undergo microfracture under abrasive
conditions. With different kinds of reinforcements that improve fracture toughness, an
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alumina based ceramic composite, Biolox Delta, was developed. It is composed of
strontia, yttria, and chromia particles which are mainly responsible for the fracturetoughening mechanism of this ceramic[7]. Ceramic composites demonstrate better wear
performance than monolithic ceramic, due to higher hardness and wettability that
improves lubrication at contacting surfaces.[2].

1.2 Significance of electrochemistry of biomaterials
Modularity in THA and TKA procedures is the most preferred technique by
orthopedic surgeons as it offers intraoperative flexibility to accommodate for anatomical
variations and to optimize mechanical and tribological performance of implants by
choosing materials and geometry that best suit the patient. However, micro-motions
between the contacting surfaces of modular components is inevitable resulting in wear of
articulating surfaces. Amount of wear caused by mechanical processes is related to the
frequency of loading, friction coefficient, lubrication condition, surface roughness and
hardness, compatibility of chemical and mechanical properties of materials in contact,
and choice and alignment of modular components, among others. Aside from the physical
damage of the surface caused by micromotion, there may be another important
mechanism at play, depending on the electrochemical nature of materials in contact at
articulating surfaces.
One of the most serious causes of THA failure is material damage caused by
combination of wear and electrochemical activity of the implant material. Micro-motions
at the articulating interfaces between modular head-neck and neck-stem could induce
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fretting wear and facilitate deleterious electrochemical process like fretting and crevice
corrosion. This mechanically assisted electrochemical degradation contributes to the
formation of micro-crack and increases the risk of fatigue fracture near the head-neck
region [8].
The surface of metallic biomaterials or conductive material invivo forms an oxide
film that offers resistance against further - ‘corrosion’ or electrochemical degradation.
Electrochemical activity of material depends on its tendency to oxidize and interact with
surrounding aqueous environment. When left undisturbed, a metallic biomaterial may not
cause any serious concern as it forms a protective oxide layer that prevents
electrochemical interaction of metal with its surrounding ionic environment. However, it
is a different scenario when the same material is subjected to mechanical process like
abrasion or fretting between two contacting surfaces, that could be misaligned during
surgery. An electrochemical reaction (oxidation) is initiated by a mechanical process that
disrupts the protective oxide layer and thereby exposing underlying material to
aggressive ionic environment resulting in mechanically assisted electrochemical
degradation (MAED). As a result of this tribo-electrochemical process, metal ions are
released and contacting surfaces undergo physical wear at the interface. The release of
wear debris results in pits that increases the surface roughness. Rougher surface has
higher contact area and concentrated stress in this area causes more amount of oxide layer
disruption with repeated motion. Wear debris when trapped in a joint cavity act as third
body wear particles that interfere with repassivation process of protective oxide film. The
repetitive attempts of the metal to repassivate their surface depletes available oxygen
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supply near implantation site. Any metal ions released attract chloride ions within the
joint and these events lower local pH. Further, anaerobic and acidic environment is
created that increases the susceptibility to greater degree of MAED. Metal ion release in
surrounding tissue due to electrochemical oxidation reactions also result in adverse local
tissue reactions that ultimately causes periprosthetic osteolysis[9]. These ions bind to
proteins that are carried to organs through bloodstream most likely bringing about
metabolic alterations, chemical carcinogenesis, specific immunological activation [10].
The synergy between electrochemical degradation and wear due to mechanical processes
compromise the structural integrity of modular components that destabilizes the joint.
Titanium is also a biocompatible material and it forms titanium oxide film on the
surface to prevent corrosion. CoCrMo on other hand consists of cobalt that is
electrochemically active (corrodes) in pH that is close to human body. In order to achieve
intraoperative flexibility, titanium alloy and CoCrMo alloys have been used in variety of
combinations-head-neck, neck stem, CoCrMo neck-titanium alloy sleeve, CoCrMo headtitanium alloy. However, this combination is prone to failure as reported in a case of
stem-sleeve interface failure[11]. Failure of stem–neck interface between titanium stem
and CoCrMo neck has been observed too [11]–[13].The primary reason for the failure of
this metallic couple is the difference between their electrochemical activities. The
electrochemical heterogeneity between metallic components along with non-optimal
surface area ratio and repetitive motion results in greater amount of MAED of more
electrochemically active CoCrMo than noble material (titanium or titanium alloy).
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It is important to note that electrochemical degradation is not limited to just metal
or metal alloys. Some ceramic composites that are composed of reinforcement like TiN
and TiC may also play role in overall electrochemical stability of composite [14].
Electrochemical degradation of biomedical implants is a complex phenomenon
and environmental factors like composition of alloy, implant pre-treatment, geometric
design, mechanical stress, frequency of loading and specific local chemistry after
implantation, play significant roles in degree of material deterioration. Therefore, besides
evaluating the mechanical characteristics, it is vital to assess electrochemical behavior of
biomaterial considered for implant use.

1.3 Concepts of electrochemistry
Electrochemical degradation is alteration of material properties by oxidation
reaction facilitated by its environment and it results in deteriorated structural and
mechanical integrity. In order to thoroughly understand factors involved in
electrochemical degradation, it is important to study the concept of an electrochemical
reaction and governing physics.
1.3.1 Electrochemistry at material surface
Thermodynamic energy (∆G) is a driving force for any reaction and for a
reduction reaction, Mn+ + ne- →M, to occur, it is defined as:
[𝑀]

∆𝐺 = ∆𝐺° + RT 𝑙𝑛 ([𝑀𝑛+ ])

(1.1)

(where ∆G° is free energy of reaction at standard state defined by ∆G°= ∆G° (products) ∆G° (reactants). In Eq. 1.1, R is gas constant, T is temperature. Positive values of ∆G
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indicate a non-spontaneous reaction requiring energy to proceed. Material with negative
∆G will readily undergo reduction with no or very little external energy.
Typically, when a metal (or an electrochemically active material) comes in
contact with an electrolyte, balance of oxidation and reduction reactions establish an
equilibrium potential electrode-electrolyte interface. This potential defines the reactivity
of a metal to oxidize and release ions into the solution. For Mn+ + ne- →M reaction, this
potential ∆E is given as Nernst equation,
RT

[M]

ΔE = ΔE° − nF ln ([Mn+])

(1.2)

∆E˚ is standard potential at standard state, n is number of electrons, F is Faradays
constant. After mathematical rearrangement of above equation and comparing it with Eq.
1.1,
∆G = −nF∆E

(1.3)

Eq. 1.3 also informally relates to concept of ∆G as energy required to move nF charge
for potential difference ∆E. Metals that are ranked as reactive elements have negative
∆Es for reduction in electrochemical series with more negative ∆Gs indicating favorable
thermodynamic driving force for oxidation (opposite of reduction, by convention redox
potentials are defined for reduction as forward reaction).
Elements in metallic biomaterials assume negative values of ∆E for reduction,
which means they readily want to oxidize like titanium, magnesium. Titanium has high
affinity towards oxygen and spontaneously forms a stable titanium oxide layer. Platinum
and gold on other hand show minimum tendency to oxidize with more positive ∆E[2]. ∆E
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is also used as equilibrium potential that influences corrosion potential for a given
reaction when only one set of forward and backward half-cell reactions are considered. In
realistic electrochemical systems, there may be more than one set of forward and
backward reactions and corresponding potential achieved at steady state is called open
circuit potential (OCP). When the material is left undisturbed in electrolyte, it is this
potential that is established as a result of balance between all half-cell reduction and
oxidation reactions.
Now let us consider second factor contributing to electrochemical reactivitykinetics of an electrochemical reaction. Oxide films form the kinetic barrier for passage
of electrons and ions, thus reducing the rate of corrosion for any implant. Current at metal
surface for conventional reaction Mn+ + ne-→M is governed by net rate of passage of
charge per unit area which is given by:
i = nFARnet

(1.4)

Rnet = Rfwd − Rbackward = kf[M +n ] − kb[M]

(1.5)

where Rnet is net rate of reaction given by rate of forward-anodic (Rfwd) and backwardcathodic (Rbackward) reaction rate. kf and kb are rate constants with units time-1.
Relationship between these rate constants and applied potential E, if any, is explained by
Butler-Volmer theory that gives us,
kf = ko exp [−
kb = ko exp [

αnF(E−E˚)
RT

]

(1.6)

(1−α)nF(E−E˚)
RT

]

(1.7)

E˚ is equilibrium potential for the reaction, α is transfer co-efficient, a systemic
parameter, which is portion of applied potential E that is used towards activation energy

9

for forward reaction (reduction). At E˚, equilibrium potential the rate of forward and
backward reaction is equal i.e. oxidation and reduction process occur at same pace.
Under mechanical perturbation on surface, the rate of oxidation processes
increases momentarily releasing metal ions and electrons and reduction reaction catches
up with oxidation rate by consuming electrons through concurrent oxygen reduction or
similar reduction reaction. In biological environment, the release of cations attracts
several oxidizing species. These species are a result of initial inflammatory response and
their high oxidizing capacity that shift the potential of surface in positive direction. Hence
the over potential E-E˚ in Eq. 1.6 & 1.7 can be related to the positive shift of metal
surface [15]. Rate constant, ko, is characteristic potential-independent quantity that
controls speed for electron transfer in given redox system. It is dependent on free Gibbs
energy (∆G˚) at standard state for reaction. Generally, when implants are pre-treated with
surface modification methods to get dense oxide films without any micro-cracks or
physical heterogeneity to prevent migration of ionic and electron flow, the pretreatment
acts like a kinetic barrier that may affect kinetic of electrochemical reaction occurring at
the surface and we are artificially affecting the ko.
With above electrochemistry knowledge, it is easier to understand effect of
different factors that play role in a reactions involved in electrochemical degradation of
an active biomaterial.

1.4. Significance
The rising significance of ceramics were briefly discussed in the first section of
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this chapter. They are gaining popularity over metallic counterparts for orthopedic
applications and the recent composites have demonstrated greater resistance to brittle
fracture and wear by addition of refractory materials. When we consider ceramics, we
regard them as insulators and corrosion resistant materials. In fact, the term ‘corrosion’ is
more suitable for metal and metallic alloys, hence, in general to explain material
deterioration due to electrochemical processes, in this dissertation the term
‘electrochemical degradation’ is used for ceramic and their composites. The resistance of
ceramics to electrochemical degradation in most environments is due to thermodynamic
stability achieved by their strong ionic bonds at atomic level. This is especially true for
oxide-based ceramics. Carbides and nitrides have slightly different stories. They have
been studied extensively and their electrocatalytic properties have increased their
application in energy storage and conversion [17]. Titanium nitrides and carbides have
been observed to dissolve anodically [18]. Titanium carbide (TiC) have shown
considerable electrical conductivity [17]. Hence, the addition of such conductive
reinforcement materials should be evaluated, not just from point of view of mechanical
behavior but the electrochemical behavior of the composite to account for any ill-effects
caused by deleterious electrochemical activity when considered for an invivo biomedical
applications.
In this dissertation, alumina-TiC composite that consists of alumina matrix
reinforced with TiC grains is extensively studied. TiC is added to alumina to improve the
fracture and wear resistance of alumina. It is already known that alumina and TiC are
biocompatible materials [19] and alumina-TiC composite have demonstrated improved
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mechanical properties and wear resistance [20]. Hence, it can be considered as a potential
biomaterial. However, there are certain challenges involved when we use carbon-based
reinforcement. Carbon based material facilitates electron transfer and TiC nanowires
exhibit electrocatalytic properties allowing electrochemical activity at enhanced rate. In
storage cell applications, this is a useful property, however for invivo biological
applications, minimum to no electrochemical interaction with surrounding aqueous
environment is preferable to avoid release of inflammation causing ionic species.
Electrochemical activity induced by a mechanical process bring about changes in electric
potential of material and these changes interfere with cell signaling and growth. While
considering alumina-TiC composite, it is known that alumina is an insulator [21] and
does not participate in electron transfer processes but electrical conductivity of TiC can
affect the electrochemical activity of the composite overall. Electrochemical nature of
TiC was highlighted in studies[22], [23] that have shown anodic dissolution of TiC in
aggressive chemical conditions. There have been studies [24]–[27] that observed
oxidation of alumina-TiC composites at higher temperature under static and dynamic
wear conditions. It is fair to hypothesize that in presence of harsh ionic milieu and load
conditions invivo, the oxidation rate of TiC or other electroconductive ceramic
reinforcement and overall degradation mechanism of composite can be exacerbated. A
better analysis of tribo-electrochemical behavior of alumina-TiC composite in different
environmental conditions is currently lacking. Despite improved mechanical strength,
wear resistance of alumina-TiC and biocompatibility of TiC itself, alumina-TiC
composites may be regarded as an appealing biomaterial for load bearing implants but the
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effect of conductive TiC reinforcement on electrochemical stability of alumina-TiC
composite should be critically assessed under mechanical conditions.
1.4.1 Specific aims
The research efforts in this dissertation were organized in three specific aims to
gain an insight into electrochemical behavior of alumina-TiC composite and potentially
using alumina composite, containing electroconductive TiC reinforcement, for
biomedical applications. They are as follows:
Aim-1: Through this aim, primarily the electrochemical nature of alumina-TiC composite
and how it was affected by an abrasive process in an aqueous environment was
investigated. This study gave insights into conditions under which alumina-TiC
potentially undergoes mechanically assisted electrochemical degradation. A systematic
experimental study was designed to meet the objective by using qualitative and
quantitative chemical analysis methods that correlated electrochemical activity of
composite to a surface damage incurred by gentle abrasion process (brushing) in aqueous
environment. Effect of different parameters of abrasion process and test environment on
electrochemical behavior of alumina-TiC was obtained by use of combination of
electrochemical and material characterization techniques. The end goal of this study was
to gain insight of degradation mechanism of alumina-TiC composite in terms of
electrochemical, morphological and chemical alterations.
Aim-2: The primary goal of this aim was to investigate possible reaction mechanisms
involved in oxidation of TiC when alumina-TiC composite is subjected to abrasion in
aqueous environment. The rationale of this aim was to elucidate and improve our
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scientific understanding of exact reaction mechanism involved in electrochemical activity
of alumina-TiC composite. The end goal was to infer the electrochemical reaction
mechanism involved from theoretical, experimental and computational point of view.
Thermodynamic favorability of possible reaction mechanism involved in TiC oxidation
in aqueous environment was determined. Experimentally, further insights into reaction
mechanism instigated by brushing abrasion was gained by monitoring pH change in test
environments. A simulation of electrochemical behavior of TiC was developed to explain
a conceptual understanding of governing principles of electrochemistry and ion transport
in a realistic reaction system.
Aim-3: The primary objective of this aim was to evaluate the potential of alumina-TiC
composite for invivo use. From the observations of experimental study in Aim 1 and Aim
2 it was concluded that the oxidation of TiC is a pH dependent phenomenon and the
degree of electrochemical response to mechanical process is mitigated in neutral
conditions or we can say at biological pH. It was also observed that TiO2 is formed when
the composite was abraded, and this can be very important in offering corrosion
resistance. The mechanically assisted electrochemical behavior of alumina-TiC
composite was studied in aqueous environment similar to biological milieu and it was
compared with standard medical grade metallic alloys like cp-Ti and GC-CoCrMo to
obtain a relative measure of electrochemical and biological performance alumina-TiC
composite. A combination of electrochemical methods along with materials
characterization and surface analysis methods was used to assess how our material of
interest, alumina-TiC composite, performed compared to standard metallic materials.
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Cytocompatibility of these materials was also studied to investigate application of
alumina-TiC composite for invivo use. The end goal of this aim was to obtain preliminary
insight into interaction of alumina-TiC composite with biological environment and how
compatible it is for implant use.

1.5 References
[1]

W. Rieger, Ceramics in orthopedics - 30 years of evolution and experience. 2001.

[2]

L. M. Jazrawi, F. J. Kummer, and P. E. Di Cesare, “Hard bearing surfaces in total
hip arthroplasty.,” Am. J. Orthop. (Belle Mead. NJ)., vol. 27, no. 4, pp. 283–92,
Apr. 1998.

[3]

M. Niinomi, “Mechanical Properties of Biomedical Titanium Alloys,” Mater. Sci.
Eng. A, vol. 243, pp. 231–236, Mar. 1998.

[4]

“Cobalt-Chromium-Nickel-Molybdenum-Iron-Based Alloys for Medical
Applications – FWM 1058®.” [Online]. Available:
https://www.azom.com/article.aspx?ArticleID=11227. [Accessed: 01-Mar-2019].

[5]

N. A. Beckmann et al., “Long-term durability of alumina ceramic heads in THA,”
BMC Musculoskelet. Disord., vol. 16, no. 1, p. 249, Dec. 2015.

[6]

P. Hernigou and T. Bahrami, “Zirconia and alumina ceramics in comparison with
stainless-steel heads. Polyethylene wear after a minimum ten-year follow-up.,” J.
Bone Joint Surg. Br., vol. 85, no. 4, pp. 504–9, May 2003.

[7]

P. Massin, R. Lopes, B. Masson, D. Mainard, and French Hip & Knee Society

15

(SFHG), “Does Biolox® Delta ceramic reduce the rate of component fractures in
total hip replacement?,” Orthop. Traumatol. Surg. Res., vol. 100, no. 6, pp. S317–
S321, Oct. 2014.
[8]

C. T. Dos Santos, C. Barbosa, M. J. Monteiro, I. C. Abud, I. M. V Caminha, and
C. R. M. Roesler, “Characterization of the fretting corrosion behavior, surface and
debris from head-taper interface of two different modular hip prostheses,” J. Mech.
Behav. Biomed. Mater., vol. 62, p. 71—82, Sep. 2016.

[9]

M. Ceretti and F. Falez, “Modular titanium alloy neck failure in total hip
replacement: analysis of a relapse case,” SICOT-J, vol. 2, p. 20, Apr. 2016.

[10]

J. Cohen, “Current concepts review. Corrosion of metal orthopaedic implants.,” J.
Bone Joint Surg. Am., vol. 80, no. 10, p. 1554, Oct. 1998.

[11]

N. Mehran, T. North, and M. Laker, “Failure of a Modular Hip Implant at the
Stem-Sleeve Interface,” Orthopedics, vol. 36, no. 7, pp. e978–e981, Jul. 2013.

[12]

J. P. Collier, V. A. Surprenant, R. E. Jensen, and M. B. Mayor, “Corrosion at the
interface of cobalt-alloy heads on titanium-alloy stems.,” Clin. Orthop. Relat. Res.,
no. 271, pp. 305–12, Oct. 1991.

[13]

S. D. Werner, J. V. Bono, S. Nandi, D. M. Ward, and C. T. Talmo, “Adverse
Tissue Reactions in Modular Exchangeable Neck Implants: A Report of Two
Cases,” J. Arthroplasty, vol. 28, no. 3, pp. 543.e13-543.e15, Mar. 2013.

[14]

H. U. Maharaja and G. Zhang, “Mechanically Assisted Electrochemical

16

Degradation of Alumina-TiC Composites,” in Orthopedic Biomaterials : Progress
in Biology, Manufacturing, and Industry Perspectives, B. Li and T. Webster, Eds.
Cham: Springer International Publishing, 2018, pp. 149–171.
[15]

G. Kubacki, “Simulated Inflammation by Hypochlorous Acid and the Corrosion
and Tribocorrosion of Orthopedic Alloys: Feedback Between Corrosion and
Inflammation,” All Diss., May 2018.

[16]

A. J. B. and L. R. Faulkner, “No Title,” in Electrochemical Methods:
Fundamentals and Applications, 2nd ed. (2., New York: Wiley, 2001, pp. 44–82.

[17]

Y. Zhong, X. Xia, F. Shi, J. Zhan, J. Tu, and H. J. Fan, “Transition Metal Carbides
and Nitrides in Energy Storage and Conversion,” Adv. Sci., vol. 3, no. 5, p.
1500286, May 2016.

[18]

B. Walther, J. Schilm, A. Michaelis, and M. M. Lohrengel, “Electrochemical
dissolution of hard metal alloys,” Electrochim. Acta, vol. 52, no. 27, pp. 7732–
7737, Oct. 2007.

[19]

M. Brama et al., “Effect of titanium carbide coating on the osseointegration
response in vitro and in vivo,” Biomaterials, vol. 28, no. 4, pp. 595–608, Feb.
2007.

[20]

S. Grigoriev et al., “The Effect of TiC Additive on Mechanical and Electrical
Properties of Al2O3 Ceramic,” Appl. Sci., vol. 8, no. 12, p. 2385, Nov. 2018.

[21]

S. H. Shackelford, J. F., Han, Y. H., Kim, S., & Kwon, CRC materials science and

17

engineering handboo. CRC press., 2016.
[22]

R. D. Cowling and H. E. Hintermann, “The Corrosion of Titanium Carbide,” J.
Electrochem. Soc., vol. 117, no. 11, p. 1447, Nov. 1970.

[23]

R. D. Cowling and H. E. Hintermann, “The Anodic Oxidation of Titanium
Carbide,” J. Electrochem. Soc., vol. 118, no. 12, p. 1912, Dec. 1971.

[24]

V. Kiran, K. Srinivasu, and S. Sampath, “Morphology dependent oxygen reduction
activity of titanium carbide: bulk vs. nanowires,” Phys. Chem. Chem. Phys., vol.
15, no. 22, p. 8744, May 2013.

[25]

L. Zhang and R. V Koka, “A study on the oxidation and carbon diffusion of TiC in
alumina–titanium carbide ceramics using XPS and Raman spectroscopy,” Mater.
Chem. Phys., vol. 57, no. 1, pp. 23–32, Nov. 1998.

[26]

A. G. Ramírez, M. A. Kelly, B. D. Strom, and R. G. Walmsley, “Carbon-Coated
Sliders and Their Effect on Carbon Oxidation Wear,” Tribol. Trans., vol. 39, no. 3,
pp. 710–714, Jan. 1996.

[27]

S. Shimada and M. Kozeki, “Oxidation of TiC at low temperatures,” J. Mater. Sci.,
vol. 27, no. 7, pp. 1869–1875, 1992.

18

CHAPTER 2
MECHANICALLY ASSISTED ELECTROCHEMICAL DEGRADATION OF
ALUMINA-TIC COMPOSITES
In this chapter, a detailed account of mechanically assisted electrochemical
behavior of alumina-TiC composite is presented. The central objective of study outlined
in this chapter was to evaluate the electrochemical nature of alumina-TiC composite that
is imparted by electroactive TiC reinforcement. The co-relation between electrochemical
behavior and morphological changes imparted by abrasion behavior is also included. A
gentle brushing abrasion process was utilized to cause mechanical agitation of composite
surface and aggravated high temperature alkaline aqueous test environment were
employed to uncover degradation mechanism of alumina-TiC composite if any.

2.1 Introduction
Metal alloys such as Ti-6Al-4V and CoCrMo, known for their biocompatibility
and mechanical strength, are common biomaterials for total hip replacements (THR)[1].
The surface of these metallic biomaterials often forms a passive oxide film providing
resistance against corrosion or electrochemical degradation. Electrochemical degradation
is a charge-transfer process in which metallic materials react and/or interact with the
aqueous environment. Such a process always includes oxidation of metallic components
and the concomitant reduction of active species in the aqueous environment somewhere
else on the implant surface. Whether an electrochemical reaction will occur or not under
certain given conditions is governed by its thermodynamic favorability (Gibbs free
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energy of reaction, ∆G) which is a function of the type and state of reactants, surface
property, reaction kinetics, chemical species and their concentration, and temperature,
among others[2].
The passive oxide film on metal alloys is typically a few nanometers thick and
provides protection against the dissolution of metals into metal ions and electrons when
exposed to aqueous environments. High mechanical loads and relative motion between
two contacting surfaces of articulating load-bearing joints could cause disruption of this
oxide film that exposes the underlying metal alloy resulting in oxidation and the release
of metal ions into the surrounding synovial fluid[3]–[5]. The released metal ions can
possibly illicit inflammatory responses, leading to osteolysis and eventual aseptic implant
loosening from failure of the osteointegration process[6], [7].
Mechanically assisted electrochemical degradation is an electrochemical process
triggered by a mechanical condition such as abrasion, micromotion or fretting between
two articulating surfaces, leading to damage of the protective oxide film. The undesirable
electrochemical activity of the biomaterial may be compounded by the release of wear
debris that can further damage the protective oxide film and compromise the integrity of
the implant surface. In tribology terms, it is often regarded as a tribo-electrochemical
wear process.
Ceramic biomaterials are known to provide superior mechanical strength, wear
resistance, hardness, chemical inertness than their metallic counterparts[8], [9]. For
example, alumina-based ceramic composites demonstrate reduced friction as articulating
joints and improved wear resistance compared with metal-metal or metal-polymer
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combinations[10]. With a Vickers’s hardness of more than 2000, alumina (Al2O3) can be
polished to a smooth surface. It possesses high wettability providing better adhesion to
lubricating fluid, enabling it to have a much lower wear rate as articulating components,
some 0.025 µm/yr to 4 µm/yr in comparison with 100 µm/yr for metal-polyethylene
articulating pairs [1]. Alumina is also one of the most thermodynamically stable oxides of
aluminum and is less susceptible to degradation by usual oxidation making it highly
biocompatible[11].
There have been many advances in alumina manufacturing processes since the
1970s. Today alumina used for total hip arthroplasties has fewer impurities, smaller grain
sizes, higher density and improved fracture toughness (by the addition of zirconia and
other oxides)[10], [12]. However, due to their inherent brittleness, ceramics are not able
to sustain high impact or non-uniform loads[1] and show little to no plastic deformation
under extreme mechanical situations, and they are prone to micro-fracture under abrasive
conditions. The resulting fragments or debris, even if not harmful to the host tissues,
could act as third body particles to accelerate wear damage. Some studies have shown
prominent inflammatory responses to ceramic wear debris too[13], [14] requiring
revision surgeries due to aseptic loosening for ceramic-on-ceramic hip prosthesis[15].
The intrinsic brittleness of alumina can be reduced by the addition of hard reinforcements
like metal carbides, nitrides and oxides. Monolithic alumina when enhanced by metal
refractory ceramic reinforcements like titanium carbide (TiC), titanium carbonitride
(Ti(C, N)), tungsten-titanium composite carbide ((W,Ti)C) yield a composite with
increased flexural strength, fracture toughness, hardness and an improved friction
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coefficient[16]–[18]. The alumina-TiO2 nanocomposite exhibited lower wear volume and
better mechanical properties with a 10 mol% TiO2 addition[19]. Likewise, mechanical
properties and wear behavior of alumina-TiN as a potential biomaterial has been explored
too[8]. Titanium carbide (TiC) added to alumina increases hardness, toughness and more
importantly wear resistance of just plain alumina[18], [20]. Due to superior hardness, TiC
coatings on titanium substrates enhance resistance to tribochemical wear and offer
corrosion resistance to an underlying metal substrate. It also improves osseointegration
by stimulating the growth of osteoblasts and their proliferation, offering a biocompatible
interface to metallic or polymer substrates[21].
Besides improvement in mechanical and wear properties of alumina by the
transition metal carbides and nitrides, it is important to consider the electrochemical
behavior of a reinforcing material when evaluating chemical and tribological stability of
an alumina composite. Even alumina, although an insulator[22], does not participate in
the electrochemical processes, studies have shown that its wear resistance decreases in an
aqueous environment due to its hydrophilic nature by reacting with water to form
aluminum hydroxide in basic and acidic environments at elevated temperatures[23], [24].
Moreover, these transition metal refractory ceramics mentioned earlier demonstrate
metal-like conductivity, enabling charge transfer during electrochemical reactions[25]–
[28], hence electrical and chemical implications of their additions to alumina need to be
carefully assessed.
Besides its extreme hardness, TiC is a conductive ceramic with resistivity of
0.003-0.008 Ω-m (vs Cu -1.72x10-8 Ω-m) and can partake in electrochemical processes in
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a chemical environment[22]. TiC, when used as reinforcement for alumina to improve
wear resistance, retains its conductive nature[20] and this property is in fact favorable in
magnetic recording disk drive application where the metal-like conductivity of TiC is
beneficial to dissipate charge build up due to frictional contact [29]. Electrochemical
nature of TiC was highlighted in studies [30], [31] that have shown anodic dissolution of
TiC in aggressive chemical conditions and [32] where TiC nanowires exhibited enhanced
electrocatalytic properties allowing facile electron transfer and redox activity. It is known
from a study [29] that alumina-TiC composites have high oxidation resistance in air and
nitrogen environments for temperatures up to 350˚C. However, alumina-TiC composites
also undergo oxidative wear in dry conditions. Bare alumina-TiC has been observed to
release CO2 as a byproduct of tribochemical wear of TiC at 120 ˚C under dry sliding wear
[33] and that oxygen chemisorption and carbon oxidation is catalyzed by alumina-TiC.
Such a tribochemical wear mechanism is likely to be enhanced under an aqueous
environment that allows for continuous electrochemical interactions.
Considering improved mechanical strength, wear resistance of alumina-TiC and
biocompatibility of TiC itself, alumina-TiC composites may be regarded as an appealing
biomaterial for load bearing implants. However, the tendency of TiC to facilitate charge
transfer in electrochemical processes and reactivity of alumina in a wet environment pose
a need to evaluate the electrochemical behavior of alumina-TiC composites. Hence the
electrochemical activity of alumina-TiC in an aqueous chemical environment, especially
when compounded by destructive mechanical processes like high impact loads, abrasion,
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cyclic fatigue, frictional wear, needs to be evaluated. Such an evaluation would enable a
better material design of the ceramic composite for biomedical applications.
In this chapter, we focus our efforts on investigating the effect of TiC
reinforcement on the electrochemical degradation of alumina-TiC composite. We aim to
elucidate the electrochemical nature of alumina-TiC composite by studying its
electrochemical response when subjected to abrasion in an aqueous environment and
assess corresponding alterations in surface chemistry and appearance with quantitative
and qualitative techniques, respectively. The experimental methods employed to
understand the interplay of mechanical and electrochemical processes are as follows:
Table 2.1: Experimental methods used in the study

Quantitative/Semi-quantitative

Qualitative

Tests
i) Electrochemical Methods:
a) Open circuit current (ZRA)
b) Electrochemical Impedance
Spectroscopy
ii) Chemical analysis:
a) Inductively coupled plasma
mass spectrometry (ICP-MS)
b) X-ray Photoelectron
Spectroscopy (XPS)
Scanning Electron Microscopy
(SEM)

2.2 Methods and Materials
To examine the effect of gentle abrasion on the electrochemical behavior of
alumina-TiC composites, we built an experimental apparatus allowing us to abrade the
composite with a brush in an aqueous environment while simultaneously measuring
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electrochemical response from the composite. Doing so enabled us to study the
spontaneous oxidative processes induced by brushing abrasion and establish
interdependence among different parameters of abrasion, including temperature, brushing
acceleration and speed, electrochemical potential and current. Further characterization of
the degradation of alumina composites by brushing abrasion was achieved by comparing
microstructural damage due to abrasion in a dry environment.
2.2.1 Brushing abrasion setup
The setup built for the brushing tests is shown in Fig. 2.1. Its center piece is a
motorized overhead stirrer (Eurostar power control-visc, IKA Works, Wilmington, NC)
for rotational-motion of brush about the vertical axis. Brushing abrasion of an aluminaTiC composite sample is accomplished with a nylon brush, attached to the end of the
motor shaft. The acceleration and speed of the stirrer motor is controlled using the
labworldsoft 5 program (IKA Works, Wilmington, NC). This setup also simultaneously
measures the electrochemical response of alumina-TiC composites to brushing abrasion
with a potentiostat (VersaStat MC, Princeton Applied Research, Oak Ridge, TN). A
heating unit in the set up comprises of a J-type thermocouple, heating tape (BIH051020L,
BriskHeat, Columbus, OH) and a digital temperature controller ITC-106 (Inkbird,
Shenzhen, China) is used to control the temperature of the test solution (electrolyte)
throughout the duration of a test. The contact load between the brush and the composite
sample is monitored and controlled using a force sensor (flexiforce sensor: A201,
Tekscan, South Boston, MA). In a typical brushing test, a nylon brush is brought into
contact with the surface of the alumina-TiC composite sample and a contact force of 45
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gm-f (0.44 N) is achieved by the force monitoring unit and by adjusting the base plate on
linear translation stage. This force may fluctuate about this constant set value during
brushing due to scattered contact of rotating bristles of the brush. A ramp scheme is
designed in the labworldsoft to control the acceleration of the motor from rest to a preset
maximum brushing speed, governing the rate and degree of abrasion.
Motor control

Stirrer motor
Motor Shaft

Versastat in
ZRA configuration

Ground

Working Electrode(WE)

Platinum Mesh

Reference Electrode(RE)

Temperature
controller
Calomel Electrode
Heating coil
Thermocouple

Test Solution

Nylon Brush
Al2O3-TiC Sample (WE)

Sample Holder
Base Plate

Force Monitoring program

Flexi-Force Sensor

Fig. 2.1: Experiment apparatus set up for brushing abrasion
2.2.2 Sample preparation
For every test, commercially available alumina-TiC (70%/30%) samples, 10×10
mm in size, were first cleaned ultrasonically for 10 minutes in ethanol followed by
rinsing in deionized (DI) water. An electrical connection with the composite sample was
established using a copper tape and the test sample was used as the working electrode
(WE). All sides of the sample except the top surface and copper tape to be exposed to the
test solution were coated with lacquer to minimize unwanted interferences from copper.
The prepared sample was kept at a fixed position on a sample holder with its top surface
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facing up. A nylon brush in the form of a bundle of bristles with a polyethylene base was
used for brushing about the vertical axis. The nylon brush was cleaned by sonicating in
ethanol for 10 minutes followed by rinsing in DI water.
2.2.3 Electrochemical measurements
Electrochemical measurements were made using a VersaStat MC. A Saturated
Calomel Electrode (SCE) was used as the reference electrode (RE), a platinum mesh as
the counter electrode for potentiostatic (applied potential) and potentiodynamic tests and
it was used as a ground lead (GND) for open circuit condition (free potential) when using
ammeter configuration. Micro90 (pH~9.5), a corrosive organic solution diluted to 0.3%
(vol/vol) in DI water and heated to 75°C, was used as an electrolyte unless stated
otherwise. To monitor the brushing induced electrochemical current response without
applying any electrical potential (free potential), a potentiostat set in a Zero Resistance
Ammeter (ZRA) configuration was used in a three-electrode setting.
2.2.4 Brushing abrasion testing
Before starting the brushing abrasion, the open circuit potential (OCP) of the
alumina-TiC sample was allowed to stabilize for 10 minutes while recording the
electrochemical current. Brushing acceleration and speeds were controlled by adjusting
the ramping times for the stirrer motor to reach maximum abrasion speed from rest.
Following the brushing test, the composite sample was rinsed with DI water and ethanol
and stored for surface analysis.
By using the same test parameters and setup as described above for every run of
an experiment, a systematic study of brushing abrasion was performed to characterize the
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mechanically assisted degradation of alumina-TiC composites and identify factors that
affect the degradation process.
2.2.4.1 Effect of brushing acceleration and speed
Since the ramping time to reach maximum speed controls the amount of rotational
force imparted to the surface features under abrasion, the effect of ramping time was
studied under three different ramping schemes: 10, 40 and 70 seconds to ramp the
rotational speed of brush from rest to maximum speed of 800 revolutions per minute
(rpm) were used. Total test duration was about 17 minutes with 10 minutes for OCP
stabilization, 5 minutes of brushing, and some remaining time for motion actuation and
slowdown. Two maximum brushing speeds were used: 500 and 1200 rpm. After the
brushing tests, the resulting surfaces were imaged and analyzed for morphological
changes. This set of experiment was designed to correlate electrochemical responses with
the abrasion ramping time and speed.
2.2.4.2 Effect of temperature
Temperature is an important factor that governs the thermodynamic favorability
of electrochemical processes, rate of reaction and conductivity of the test solution. To
understand the effect of temperature, the prolonged exposure of alumina-TiC composites
to an aqueous alkaline environment was carried out in a heated (75˚C) and room (25˚C)
temperature. The total duration of these tests was two hours with total brushing abrasion
for 6 minutes (in three consecutive brushing cycles of 2 minutes each). The brushing
abrasion parameters were kept the same: a contact force of 45 grams, ramping time of 10
s, and maximum brushing speed of 800 rpm.

28

2.2.4.3 Effect of environment
To ascertain if the material degradation mechanism is an abrasion assisted
electrochemical process and not just a tribological process, brushing abrasion in dry
conditions (no electrolyte) was also performed. The resulting microstructural damage of
the dry-test samples was examined and compared with the wet-test samples. Aside from
the dry and wet difference, other experimental settings were kept unchanged at a contact
force of 45 grams, ramping time at 10 s, and maximum brushing speed of 800 rpm. In
this way, the surface damage incurred would be mainly due to brushing abrasion because
the electrochemical interactions of TiC with the aqueous environment were eliminated in
dry abrasion.
2.2.5 Electrochemical impedance study
Electrochemical impedance spectroscopy (EIS) tests were undertaken using the
same setup described earlier (section 2.2.1-2.2.4) to characterize oxide formation and
change of sample-electrolyte interface properties. Impedance scans were taken before and
after potentiostatic conditions (anodic and cathodic) and abrasion tests in Micro90 at
75˚C. Potentiostatic tests were performed to verify the propensity and stability of the
oxide formation particularly on the TiC domain as alumina does not participate in the
charge transfer processes. The value for the applied potential in potentiostatic tests was
chosen from active cathodic and anodic regions of potentiodynamic tests which coincided
with average OCP values (-250 mV vs SCE) observed in free potential mode during
brushing abrasion. The experimental design for EIS analysis is shown in Table 2.2 below.
Table 2.2: Experimental conditions for EIS study
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Experiment

Duration

Temperature

Brushing
Abrasion

Anodic Biasing
Cathodic Biasing
No Brushing-No
Biasing

43 minutes
43 minutes

75°C
75°C

No
No

Applied
Potential
vs SCE
250 mV
-250mV

43 minutes

75°C

No

No

10 minutes
OCP
stabilization +
30 minutes
brushing + 3
minutes to
restore

75°C

Yes

No

Brushing-No Biasing

Three runs of impedance test were performed before and after the application of each
experimental condition listed in Table 2 to study the altered sample-electrolyte interface
after each experimental condition. In every impedance scan, alternating current (AC)
perturbation with magnitude of 50 mV was applied at open circuit condition in the
frequency range of 1 Hz - 500 kHz. For brushing abrasion experiments, 10s of ramping
time with a maximum speed of 800 rpm was applied after 10 minutes of OCP
stabilization. Charge transfer resistance (Rct), the parameter of interest in this
experimental design, was obtained with ZView (Scribner Associates, Southern Pines,
NC, USA) by fitting an equivalent circuit model to the Nyquist plot acquired. Any
alterations in charge transfer resistance before and after a test condition gave us clues
about possible changes in oxide film on the TiC domain at electrode/electrolyte interface.
2.2.6 Surface characterization
Abrasive alterations in surface morphology were examined through comparison
of images obtained from Scanning Electron Microscopy (SEM) (SU6600 and S4800,
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Hitachi High Technologies, Tokyo, Japan) for abraded samples and pristine samples.
Changes caused by different parameters of brushing abrasion tests were analyzed. Note
that with less energetic secondary electrons reflected from sample surfaces, images taken
at low kV (0.7 kV) revealed more superficial information than 5 kV, and that at the lower
kV, the contrast will be reversed, and alumina matrix domain will appear as darker
regions under 0.7 kV rather than lighter under 5 kV.
2.2.7 Chemical analysis
As the mode of abrasion employed in this study is of gentle nature, to obtain
measurable alterations in surface chemistry, a much longer duration of brushing abrasion
was employed. To accelerate the surface chemistry changes by brushing abrasion,
continuous brushing in heated Micro90 at 1000 rpm (ramping time of 10 s) for 2.5 hours
was performed following 10 minutes of OCP stabilization. Abraded regions were marked
under optical microscope for chemical analysis by X-ray Photoelectron Spectroscopy
(XPS). Elemental scans for titanium were performed to observe changes in oxidation
states after brushing abrasion. Atomic percentages of each element (Ti, C, Al and O)
from XPS scans were obtained to gain a preliminary understanding of changes in surface
chemistry due to the electrochemical process activated by brushing abrasion of aluminaTiC.
The test solution after brushing abrasion was also analyzed for any traces of
titanium oxide or alumina particles released as debris during the prolonged brushing.
ICP-MS (Inductively Coupled Plasma Mass Spectrometry) was employed to determine
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its elemental titanium and aluminum concentration. Untested Micro90 solution was also
analyzed as a control.

2.3 Results and Discussion
2.3.1 Electrochemical response to brushing abrasion
Under OCP conditions, the composite showed a baseline current of nearly 1 µA in
the heated Micro90 environment, suggesting a dynamic electrochemical process on the
sample surface. These measurable electrochemical interactions signify that the electroactive domain of the TiC composite during the OCP stabilizing period interacted with the
test solution. After OCP stabilization, brushing abrasion resulted in typical ‘passive layer
breakdown’ behavior as evident in both the OCP and current responses which are
commonly observed for metal and metal alloys [3], [34], [35] as well as metal-ceramic
composites [36]. In response to abrasion after OCP stabilization, electrochemical current
showed a sharp increase with a concurrent negative drop in OCP as shown in Fig. 2.2,
indicating activation of oxidative reactions on TiC. The decay of both current and OCP
suggests a re-passivation process occurring to remedy the disruption of the oxide barrier
on the sample surface. This re-passivation behavior may not completely form a compact
non-porous film due to continuing abrasion when the brushing motion is going on.
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Fig. 2.2: Typical electrochemical response of alumina-TiC to brushing abrasion in
Micro 90 at 75°C
As the brushing stopped, the current decayed to its original rate of stabilization.
Such behavior shows that the rate of anodic electrochemical reaction on the TiC domain
was increased due to brushing abrasion. Parameters like ∆V and ∆I depicted in Fig. 2.2
are the differential values of OCP and electrochemical current respectively from baseline
that provide a quantitative measure of the electrochemical activity of alumina-TiC
initiated by abrasion.
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Magnitudes of the electrochemical current and potential varied with brushing
abrasion parameters like ramping speed and maximum brushing speed. As seen in Fig.
2.3-a, current response to brushing with a ramping time of 10s was the highest with the
greatest average ∆V (0.022V) and ∆I (17.3µA) as plotted in Fig.2.3-b. Clearly, a shorter
ramping time generated a larger rotational acceleration hence exerting greater abrasive
forces on a sample surface than a longer ramping time, leading to more morphological
damage. Similarly, a larger maximum speed generated a higher current and caused more
surface damage. For example, as seen in Fig. 2.4-a and Fig.2.4-b, the case of 1200 rpm
maximum speed results in higher delta values for OCP and electrochemical current
(∆V=0.035 V, ∆I=26.19 µA) than the case of 500 rpm (∆V=0.017 V, ∆I=17.92 µA).
These observations suggested that the abrasion of alumina-TiC activated an oxidative
electrochemical process, resulting in increased chemical interactions with an aqueous
environment and the corresponding electrochemical response depends on abrasion
parameters.
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Fig. 2.3. Effect of ramping time on a) Current response to brushing abrasion at 10 s,
40 s, 70 s and b) Average ∆V and ∆I values for n=3 in Micro90 at 75˚C.

Fig. 2.4:Effect of maximum brushing speed on a) Current response to abrasion at
1200 rpm and 500 rpm and b) Average ∆V and ∆I values for n=3 in Micro90 at 75˚C
with a ramping time of 10 s.
At elevated temperature of 75˚C, the baseline current and the peak value in the
electrochemical response curve were much higher than at room temperature, as shown in
Fig. 2.5. This indicates that the degradation mechanism triggered by abrasion is an
electrochemical process involving an oxidation reaction whose thermodynamic
favorability is enhanced at higher temperatures. Moreover, at a higher temperature, the
increased conductivity of a solution could also play a role by making more charged
species available to enable faster reaction kinetics on the TiC domain. Among the three
brushing cycles, the current response to the first cycle of brushing was the highest and
successive current responses reduce in magnitude. This reduction in current could be
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attributed to several reasons. It could be due to the hysteresis loosening of the bristles
after each brushing motion, or it may be due to a loss of material by abrasion in each
brushing cycle, leading to less brushing contact in subsequent brushing cycles.

Fig. 2.5: Effect of temperature on current response to brushing abrasion (3 cycles)
in Micro 90.
2.3.2 Surface characterization
SEM images of the sample surfaces after the abrasion test given in Fig. 2.6 (a-f)
showed that the abraded samples had been brushed off [37] exhibiting circular
‘ploughing’ [38]–[40] marks, likely caused by material removal along a curvilinear track.
Under a low magnification (at 100X or lower) these marks appear as concentric rings,
consistent with the rotational brushing trajectory (Fig.2.6 a-c). At a higher magnification,
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the ploughing marks appear as dark and bright bands. Under closer inspection, these dark
bands are formed due to a greater amount of surface wear than brighter bands.
The appearance of these circular bands is affected by the way brush bristles
spread on the sample based on the initial contact force between the sample and brush at
the beginning of the test. Darker regions show a greater degree of morphological damage
and material removal, mostly on the alumina domains than the brighter band region, in
which the alumina exhibited much lesser damage. At 18000X magnification (Fig. 2.6-g),
the alumina domain is white and TiC black. In comparison with a pristine sample (Fig.
2.6-h), we clearly see the grain boundary wear and material removal on the alumina
domain on the brushed sample (Fig. 2.6-g).
Surface damage as observed in Fig. 2.6 suggests the susceptibility of the aluminaTiC composite to abrasive wear incurred along with electrochemical activation (Fig. 2.2)
under gentle abrasion condition. Keep in mind that alumina domains appear white in
higher kV SEM images from SU6600 and the TiC domain is black, but the contrast
reverses in lower kV SEM images from S4800.
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Fig.2.6-a: 40X

Fig.2.6-b:100X
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Fig.2.6-c:250X

Fig.2.6-d:600X
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Fig.2.6-e:1200X

Fig.2.6-f:3500X

40

Fig.2.6-g: 18000X-Brushed Sample

Fig.2.6-h: 18000X-Pristine Sample
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Fig. 2.6:SEM images (SU6600) of alumina-TiC sample after brushing abrasion in a
heated environment at magnifications of a) 40X, b) 100X, c) 250X, d) 600X, e)
1200X, and f) 3500X; 18000X images of the microstructure of g) Brushed and h)
Pristine samples.
As seen in Fig. 2.7, the case of a 10 s ramping time which corresponds to the highest
current response induced the most severe surface damage than the two other slower cases.
High brushing speed caused a similar outcome: more severe surface damage under 1200
rpm than under 500 rpm as shown in (Fig. 2.8). The TiC grain boundaries showed more
wear giving a smeared boundary appearance [37]. As we see in these images, the overall
damage was of the same ‘microploughing’ type. The variation of brushing abrasion
parameters was manifested in the severity of damage induced in grain boundary region,
with the most severe damage seen for the 10 s case followed by 40 s and 70 s cases.
Similarly, a lower maximum speed (500 rpm) caused less damage than a higher
maximum speed (1200 rpm). These revealed relationships between electrochemical
current response, brushing acceleration, maximum brushing speed and the corresponding
induced surface damage confirm that the degradation mechanism was an abrasion
assisted electrochemical process and the degree of electrochemical interaction of TiC
with the environment depends on the magnitude of parameters controlling the mechanical
process of abrasion.
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Fig.2.7-a: 10s

Fig.2.7-b: 40s
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Fig.2.7-c: 70s
Fig. 2.7. Low kV SEM images (S4800) of alumina-TiC showing differences in
morphological damage at ramping speeds of a) 10 s, b) 40 s and c) 70 s to maximum
brushing speed of 800rpm.
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Fig.2.8-a: 1200 rpm

Fig.2.8-b: 500 rpm
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Fig. 2.8. Low kV SEM images (S4800) of alumina-TiC showing differences in
morphological damage at different maximum brushing speeds of a) 1200rpm and b)
500rpm with ramping time of 10 s.
As apparent in Fig. 2.9, grain boundaries were more intact at room temperature and
alumina domains showed much lesser wear in the room-temperature condition than in a
heated condition. This morphological damage corresponds well to the current responses
obtained (Fig. 2.5) at these at two different temperatures.

Fig.2.9-a: Wet-75˚C
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Fig.2.9-b: Wet- Room temperature

Fig.2.9-c: Dry-Room temperature
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Fig. 2.9. Comparison of SEM images (SU6600) of alumina-TiC composite brushed
in a) Wet (Micro90) and heated, b) Wet (Micro90) and room temperature (Rt) and
c) Dry Rt environment
While comparing the surface of dry brushed samples with wet brushed samples,
the material removal of the alumina domain was much less in the dry brushed samples
with no damage in the grain boundary region. Damage incurred on alumina domain in a
wet environment, especially near grain boundary region could be due to a greater
chemical reactivity of alumina to aqueous environment possibly driven by a reaction with
water to form a hydroxide. At a higher temperature, not only is the rate of
electrochemical interactions of TiC with an aqueous environment higher, the
susceptibility of alumina domain to abrasive wear is also increased.
2.3.3 Chemical analysis
XPS analysis of the brushed samples revealed alterations in surface chemistry
caused by the oxidative electrochemical process on the TiC domain. Brushed and pristine
samples showed the similar elemental composition, but their atomic percentages were
different (Table 2.3).
Table 2.3: Atomic percentages of brushed and pristine samples from XPS
measurements

Sample/Element
Pristine
Brushed

Average
Std. Dev
Average
Std. Dev

Ti
3.42
0.98
7.01
0.88
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Atomic Percent (%)
C
O
38.8433 38.96
7.21
3.98
28.93
47.28
2.02
1.23

Al
18.77
2.37
16.77
0.66

Statistically
significant
difference

p<0.05

p<0.1

p<0.05

No
difference

As seen in Table 2.3, brushed samples show a reduced amount of carbon atoms in the
scanned regions along with a higher percentage of titanium and oxygen atoms than the
pristine sample. The altered atomic percentages indicate a loss of carbon atoms and
acquisition of oxygen on the surface. Further, the regional elemental scans plotted in Fig.
2.10 for titanium showed the relative percentage of the Ti2p3/2 bonded to Ti and the Ti2p 3/2
bonded to oxygen in TiO2, where a normalized count per second (cps) was obtained with
respect to a common peak at approximately 464.4 eV for both samples.
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Fig. 2.10: Elemental scans from XPS analysis for brushed and pristine samples
The pristine sample showed a default TiO2 peak at 458.3 eV with a Ti2p3/2 peak at 454 eV
representing a Ti-Ti bond. For the brushed sample, the number of Ti bonded atoms to
oxygen increased by almost two times as marked by a higher peak at 458.3 eV
corresponding to Ti2p3/2O2 formation. Thus, chemical analysis through XPS suggested
abrasion induced electrochemical oxidation of TiC to TiO2 accompanied by a release of
some carbon-based product in aqueous environments.
Results of the ICP-MS analysis showed the presence of aluminum at 57 ppb for
the tested solution and an undetectable level for the untested solution. For titanium, the
amount was below the detection limits for both solutions. Higher aluminum
concentrations in the tested solutions indicate that even with gentle abrasion the
composite will release wear particles into the test solution, though the precise chemical
state, e.g., whether alumina or aluminum hydroxide, is unknown. These particles may
have been immediately swept away from sample surface and brushed along the surface. If
the loose particles were alumina, they could have resulted in ploughing of the sample
surface.
2.3.4 Electrochemical Impedance data analysis
Electrochemical impedance spectroscopy data provided crucial information about
the state of the oxide film at the composite-solution interface. An oxide film formed on a
surface often exhibits resistive (frequency-independent) and capacitive (frequency
dependent) behavior. The Nyquist plot is an effective way to characterize the charge
transfer processes. In a Nyquist plot (often a semicircle), fast kinetic controlled reactions
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are represented in a high frequency region at the left end, and slow diffusion and mass
transfer-controlled reactions are captured in a low frequency region at the right end, as
depicted in Fig. 2.11-b. With the equivalent Randles circuit shown in Fig.2.11-a,
containing a constant phase element (CPE), charge transfer resistance of oxide films (R ct)
and solution resistance (Rs), we can determine the various parameters through statistical
fitting of the circuit model to the Nyquist plots. Here Rs measures the resistance present
in solution between the reference electrode and working electrode, which is affected by
ionic concentration, temperature, type of ions and area of electrode. Rct is the resistance
of the oxide film and electrode-electrolyte interface to charge transfer, and it varies with
the type of reactions, conditions of oxide film (compact or porous with defects),
temperature, electrode potential and concentration of reactant species. CPE is a non-ideal
representation of capacitive behavior of an electrical double layer on an electrodeelectrolyte interface[41]. For analyzing EIS data, the alumina domain is considered not to
be participating in the charge transfer processes during electrochemical interactions.
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Fig. 2.11-a: Equivalent circuit for Randles cell and b) Corresponding Nyquist plot.
Rct values before and after each test run in experimental conditions mentioned in
Table 2.2 were obtained by fitting of the equivalent circuit model to the inner semicircle
(high frequency region) of the Nyquist data obtained (Fig. 2.12). Frequency dependent
behavior of the phase between the applied input and measured output signal and
impedance at electrode interface in Bode plot (not shown) was marked by a single time
constant, which is representative of a single R-C component like equivalent circuit for a
Randles cell.
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Fig. 2.12: Nyquist plot obtained before and after each experiment. a) Anodic biasing
(250mV vs SCE), b) Cathodic biasing (-250mVvs SCE), c) No Brushing-No Biasing,
and d) Brushing-No Biasing.
After anodic biasing (250mV vs SCE), the Rct value increased, indicating
formation of a stable and compact barrier to charge transfer processes verifying the
tendency of the TiC domain to form TiO2 in an aqueous environment. Similar behavior
was observed when the sample was just exposed to the test solution under a no-biasing
condition without brushing abrasion. However, after cathodic biasing (-250 mV vs SCE),
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Rct values reduced. Cathodic potentials are known to deteriorate the stability of the TiO 2
film [3] that results in an increased amount of electrochemical interaction of TiC with the
environment and enhanced charge transfer rate at the interface. The brushing with nobiasing condition, which favors oxide film formation under undisturbed conditions,
produces reduced Rct as seen in Fig. 2.13 after brushing abrasion.

Fig. 2.13: Charge transfer resistance Rct values for composite sample before and
after each experimental test condition in Micro90 at 75˚C (*: significant difference
(p<0.05) & **: significant difference (p≤0.1).
2.3.5 Understanding the degradation mechanism of alumina-TiC composite
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In the current study, the alumina-TiC composite underwent ‘gentle abrasion’ and
the fundamental degradation mechanism can be categorized as tribo-electrochemical
wear. The oxidative current response and ploughing damage on the composite surface
were all indicators of tribo-electrochemical wear induced by brushing abrasion. There
was no visible wear on TiC grains due to its higher hardness [22] and wear resistance.
However, TiC likely underwent oxidation [30,31] to form TiO2 and CO2 as per the
following reaction:
TiC + 4H2O →TiO2 + CO2 (aq) + 8H+ (aq) + 8e-

(2.1)

Upon contact with an aqueous environment and when left undisturbed, a passive oxide
layer would form on TiC, as the Rct value plotted in Fig.2.13 indicated. The onset of
brushing could lead to the removal of micro-asperities on the alumina domain along with
the rupture of a passive layer on TiC thus activating a burst of electrochemical oxidative
processes on conductive TiC as shown in Eq. 2.1. While the TiC domains would
repassivate and form TiO2, the ongoing brushing would keep the electrochemical
interactions of TiC active due to continuous abrasion of any possible oxide layer formed.
Under this situation, a stable oxide layer can hardly exist. Aside from TiO2 formation, the
reduction in carbon percentage in XPS results point toward the release of carbon atoms
into the solution to form CO2 as per Eq. 2.1 due to oxidation and replacement of carbon
by oxygen in the TiC crystal lattices.
In general, gentle wear process like the one performed in this study would cause
less damage [23] but the extent of damage would be severe in more aggravated
mechanical conditions. Through qualitative comparison of the surface morphology of
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abraded samples under different environment conditions, it is clear that the alumina
domain showed a greater amount of material ‘chipped away’ in a wet and heated
environment than at wet room temperature and dry brushing conditions. Alumina
experienced tribological and chemical degradation. The hydrophilic nature of alumina
caused it to readily hydrate to aluminum hydroxide when in contact with water and this
reaction is thermodynamically more prevalent at higher temperatures [42], [43]. Strong
reactivity to water and resulting greater surface plasticity of alumina in a wet
environment makes it more susceptible to wear in a wet environment than dry conditions
[23]. During abrasion, the hydroxide formed that may not be adherent is abraded away
along with chipping of brittle alumina domain as supported by ICP-MS analysis. The low
stress during brushing abrasion leaves released debris unconstrained [44] and they could
be immediately swept away from the sample surface and brushed along creating circular
trajectories further abrading the alumina matrix. Thus, debilitated wear resistance of the
alumina domain in a heated aqueous alkaline environment plays a crucial role in the
degradation of the composite.
Relating this understanding to the evidence from altered charge transfer
resistance, the wear debris released also interrupted the passive TiO2 layer formation on
the TiC domain during continuous brushing. It is important to note that the
electrochemical current response may have negligible or no contributions from alumina
even though it could be chemically reacting with an aqueous environment. However,
XPS chemical analysis of the brushed sample for two hours did show traces of TiO2. This
indicates that prolonged brushing and exposure to the solution does result in TiO2
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formation in worn out regions, however, its structure may not be uniform and compact to
offer any resistance to oxidative charge transfer processes because of brushing abrasion.
A similar reduction in Rct after abrasion due to damage in the protective layer was
observed by others [45], [46].

2.4 Conclusions
This study shed new insights into the interplay of abrasion and electrochemical
degradation of alumina-TiC ceramic composites in an aqueous environment. An
oxidative electrochemical process on TiC is activated by brushing abrasion while alumina
also underwent abrasive wear. It was established in this study that:
•

Brushing abrasion caused electrochemical activation of alumina-TiC composites,
forming TiO2 on the composite surface due to oxidation of TiC in an aqueous
environment.

•

Abrasive damage occurred near the grain boundaries with traces of
“microploughing” on alumina domains.

•

Electrochemical response to brushing abrasion and the corresponding surface
damage were affected by abrasion parameters like acceleration and speed of the
abrasion motion and the temperature of test environments.

•

An elevated temperature enhances thermodynamic favorability and reaction rate of
TiC oxidation and enabled faster charge transfer.

•

A wet and heated environment increased susceptibility of abrasion damage in
alumina domains in comparison with a dry condition.
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•

Wear debris released from alumina abrasion may have hindered the formation of a
protective TiO2 film.

It is crucial to consider that abrasion mechanisms employed in the study are gentle and
under extremely low load conditions and such mechanically assisted electrochemical
degradation mechanism is certainly to be aggravated under a greater load in aggressive
ionic environments present in the biological milieu.
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CHAPTER THREE
REACTION MECHANISM INVOLVED IN ELECTROCHEMICAL DEGRADATION
OF ALUMINA-TIC COMPOSITE
In previous chapter, the mechanism of mechanically assisted electrochemical
degradation of alumina-TiC in aqueous environment was determined. However, the exact
reaction mechanism that is instigated in oxidation of TiC by abrasion still remained a bit
unclear. In this chapter, possible electrochemical reactions are examined theoretically and
experimentally. To further understand the governing mechanism of electrochemical
oxidation of electroactive TiC domain in aqueous environment, a multiphysics model was
developed using COMSOL and electrochemical response evoked by mechanical process
was simulated by considering heterogenous and homogeneous reactions that constitute a
more realistic electrode/electrolyte reaction system.

3.1 Introduction
As mentioned earlier, alumina is an insulator and it does not participate in
electrochemical reactions that is not to say that alumina will not participate in chemical
reaction with water to form aluminum hydroxide. TiC being electro-conductive, efforts in
this chapter are focused on electrochemical reaction mechanism responsible for oxidation
of TiC. Titanium has multiple oxidation states that can allow formation of titanium oxide
(TiO2) and other titanium suboxides (Ti2O3, Ti4O7, Ti3O5). At low temperature below
420°C a study[1] of isothermal oxidation of TiC in oxygen environment found formation
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of titanium oxycarbides (TiCO) and titanium suboxides followed by their oxidation to
amorphous TiO2. Such TiC oxidation reaction mechanism is likely in wet environment
too, considering the negative Gibb’s energy of TiO2 and titanium suboxides as products.
We can also expect a carbon-based product as a result of TiC oxidation.
A few studies[2], [3] that explored electrochemical behavior of TiC in ionic
solutions mainly proposed following reaction that provided passivity with hydrated form
of the oxide-

TiC(s) + 4H 2O (l) → TiO 2 (s) + CO 2 (aq ) + 8H
TiC(s ) + 3H 2O (l) → TiO 2 (s ) + CO (aq ) + 8H

+
(aq )

+
(aq )

+ 8e

+ 8e

−

(3.1)

−

(3.2)

If we consider the products formed as per above reactions, TiO2 formation is
accompanied by release of a carbon-based product (CO2 or CO) and release of hydrogen
ions in electrolyte.

3.2 Methods and Materials
3.2.1 Theoretical Analysis
Besides proposed TiC reaction mechanisms in Eq. 3.1 and 3.2, thermodynamic
favorability of other possible reaction mechanisms was assessed. Gibbs energy of
possible reaction was calculated from Gibbs energy of formation of reactant and product
species at standard state. For this analysis, reaction mechanisms proposed in Eq. 3.1 and
Eq. 3.2 were also considered that have TiO2 and CO2 as products along with other
possible formation.
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3.2.2 Experimental Analysis
3.2.2.1 Temperature Based Study
The products in Eq. 3.1 and 3.2 also include proton generation. If that was true, a
decrease in pH of electrolyte in the vicinity of sample should be observed. A gentle
abrasion method was employed similar to one described in previous chapter 2. A long
duration experiment was designed in order to observe noticeable change in pH of the
solution near sample due to abrasion.
While keeping, the test set up and sample preparation same as described in
Chapter 2 (2.2.1-2.2.3), brushing abrasion of alumina-TiC composite was carried out in
Micro90 (0.3% vol/vol, pH~9.5) solution in deionized water (DI). Before adding
electrolyte to the test beaker, the contact force of 90 gm-force (0.88 N) between brush
and sample surface was established by moving the stage in vertical direction. After 10
minutes of open circuit potential (OCP) stabilization in electrolyte, the sample was
abraded about vertical axis with polymer brush where the brushing speed was ramped up
from 0 to 1000 rpm in 10 s. The sample was continuously abraded for 2 hrs. 30 minutes.
During the entire brushing duration pH reading was taken every 2 minutes near sample in
test environment. The experiment was performed at room temperature, 50˚C and 75˚C.
At each temperature, a similar experiment was performed but the sample was not abraded
and the rate of change of pH was compared with change in pH during where brushing
was performed. The objective of this comparison was to isolate the effect of temperature,
that may be increasing or decreasing the rate of TiC oxidation as per Eq. 3.1 and 3.2 and
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any difference observed in rate of change in pH between heated condition and room
temperature was associated with proton generation.
3.2.2.2 pH-based Study
Another experiment was implemented to investigate effect of pH of electrolyte on
electrochemical reactivity of alumina-TiC composite. A similar experimental setup and
experimental parameters (90 gm contact force, acceleration of 10s to reach 1000 rpm
brushing speed) were used as described in previous section. However, for this study,
before the test, pH of electrolyte (0.3% vol/vol Micro90 in DI) was adjusted by addition
of with 3M HCl to desired pH (~7). Rate of pH change in electrolyte was determined by
monitoring pH of test environment near sample every 2 mins during long duration
brushing abrasion (2hrs 30mins abrasion following 10 mins of OCP stabilization). It is
important to note that the solution used here is not buffered.
3.2.4 Computational Modelling of Electrochemical Reaction System
So far, experimental and theoretical techniques were used to determine the
reaction mechanism involved in TiC oxidation. In this section, the governing principles
of a realistic electrochemical reaction system were studied to gain deeper and conceptual
understanding of a reaction system in aqueous environment.
In an electrolytic solution, the fundamental modes of mass transport are
electromigration, diffusion and convection. Electromigration is the motion of a charge
body (such as an ion) under the influence of an electrical potential gradient; diffusion is
the motion of a species under the influence of a chemical potential gradient and
convection is hydrodynamic transport either due to density gradients (natural convection)
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or due to external means such as stirring (forced convection). In this study, transport of
ions only due to electromigration and diffusion was considered, and any convective effect
was ignored. For dilute electrolytic solutions, rate of transport of any chemical species i is
governed by concentration gradient (i) and electric field (ii) and is given by

ci
ziF
= Di 2ci +
DiciV
t
RT
(i)

(3.3)

(ii)

Where V is electrostatic potential, zi signed charge valence of i, ci is the local
concentration, Di is the diffusivity of species i, t is time, F is the Faraday constant, R is
the gas constant, and T is absolute temperature[4]. The electrostatic potential V in Eq. 3.3
is electrical force that acts on chemical species to maintain charge neutrality throughout
the electrolyte domain and is governed by using Poisson’s equation

2
  = −



, where 

is permittivity of electrolyte and  is the charge density [5], [6].
For an electrochemical system, as soon as an electroactive material comes in
contact with electrolyte, oxidation and reduction processes start occurring on sample
surface (heterogenous reactions) at different rates initially but with time, when system
reaches a steady state, the rate of oxidation and reduction half-cell reaction reach
equilibrium. It is this equilibrium state that is reached during OCP stabilization[7]. In a
realistic electrochemical system, there are also some chemical equilibrium reactions
occurring in electrolyte domain that maintain charge neutrality and accommodate for
newly generated or consumed species by a heterogeneous reaction. Further details on
homogeneous equilibrium reactions shall be included in model design section.
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Since both mass transport and electron transfer occur in the electrolytic solution, a
multi-physics system of mass transport including electrostatics, heterogeneous reaction
kinetics and homogenous reaction constraints was solved using COMSOL (Comsol,
Burlington, MA). For transport of species in the electrolytic solution, since the system
has not only a concentration gradient but also an electric field gradient created by
movement of charged species, the mass transport equation of ionic species will be
governed by both diffusion and electromigration. Also, reaction term Ri is introduced due
to the presence of chemical reactions. The convection term is neglected because the
electrolytic solution is assumed stagnant and no fluid flow needed to be accounted. Hence
Eq. 3.3 is rewritten as-

Ci
= Di2Ci + zi Ui F(CiV) + R i
dt

(3.4)

To study current evolution with respect to overpotential (E-V-E01), the current density of
TiC oxidation as per Bulter-Volmer electrode kinetics is given by :

 −1n1F(E − V − E 01 )  − i exp  (1 − 1 )n1F(E − V − E 01 ) 
 01


RT
RT





i = i 01 exp 

(3.5)

Where i01 is the exchange current density, α is the charge transfer coefficient and n is the
number of electrons involved per one reaction, F is the Faraday constant, E is the applied
potential to electrode, E0 is the standard electrode potential or equilibrium potential for an
electrochemical reaction, V is the electrostatic potential exerted on species, R is the gas
constant, and T is the system temperature and is set at 298.15 K and E-V-E01 is the over
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potential. They key parameter affecting reaction kinetics is exchange current density i01,
that is the current value present when no external potential is applied, and when rate of
forward and backward half-cell reaction is same.
3.2.4.1 Computational Model Design
The geometry considered is an approximation of alumina-TiC sample surface.
The conductive TiC domain is treated as electroactive surface participating in charge
transfer processes. The electrochemical system is simplified as a very long rectangular
slot with the width of W and height of H as shown in Fig. 3.1-a. Also, the height of the
electrode (H) in Fig. 3.1-b is neglected since the height is relatively small when compare
to the width (W).

Y

Electrolyte
Solution
Height

TiC Electrode Width,W

X

Fig. 3.1-a: Schematic diagram of simple model of alumina-TiC system
The geometry used is a simplified version of cross-sectional view alumina-TiC surface
(Fig. 3.1-b) exposed to bulk electrolyte. Between each electrode there is an inert alumina
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surface of width W, the same as that of titanium carbide. The switching pattern of
titanium carbide and alumina is assumed to be of infinite length. It should be pointed out
that, to reduce computational time, a two-dimensional (2D) geometric model of electrode
cross section is used that is exposed to infinite electrolyte domain. The results, however,
can be extended to three-dimensional (3D) geometry with ease. By taking the advantage
of system symmetry, only one titanium carbide electrode of width W and its two-adjacent
alumina surface.

Fig. 3.1-b: Representative of alumina-TiC surface exposed to electrolyte

a) Heterogenous Reaction on TiC electrode
This reaction is to define processes that involve charge transfer from one phase to
another. As per Eq. 3.1, electrochemical oxidation of TiC produces TiO2, CO2 and
H+ and on paying attention to the change in oxidation number of Ti and C, Ti
keeps the same oxidation number of +4 while C, that has 8 oxidation states,
changes from -4 in TiC to +4 in CO2. So essentially, carbon in TiC is yielding 8
electrons during oxidation process. Carbon of TiC undergoes oxidation and since
carbon dioxide and titanium dioxide have same stoichiometric co-efficient and
TiO2 does not contribute any charge to the computation, only CO2, H+ and
electrons released to simulate electrode reaction are considered in simulation.
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Equilibrium potential of 0.171V was defined for Eq. 3.1 on the TiC electrode
surface. Butler-Volmer equation as shown in Eq. 3.5 was solved for heterogenous
electrode kinetics with exchange current density io (2.54E-02 A/m2) and 8
participating electrons for TiC oxidation reaction.
b) Homogeneous Equilibrium Reactions
Besides heterogenous electrochemical reactions on electrode surface, to simulate
real scenarios following homogeneous equilibrium reactions were considered in
electrolyte domain:

H + + OH −
CO 2(aq) + H 2O

H 2O ;K1 = 10−14
−

+

HCO3 + H ; K 2 = 4.25  10

(3.6)

−7

(3.7)

Water equilibrium reaction (Eq. 3.6) is always present and CO2 (aq) reacts with
water to form carbonic acid (H2CO3) and carbonic acid dissociates to form
bicarbonate (HCO3-) and a proton(H+). Hence, Eq. 3.7 is the resultant equilibrium
reaction of chain of equilibrium reactions involving aqueous CO2. The chemical
equilibrium reactions in electrolyte domain controls the rate of H+ generation and
acts a constraint on rate of generation of product species while maintaining the
water equilibrium throughout the electrolyte domain[5], [6], [8].
c) Electrolyte Domain
To simulate conditions in biological environment, Na+ and Cl- concentration ions
were defined as supporting electrolyte. The electrolyte domain presents an ionic
domain that facilitates charge transfer. Their fixed concentration was defined on
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electrolyte/bulk domain boundary at 1000*W, H+ and OH- concentration in
electrolyte domain was based on pH 7 and initial concentration of CO2 and HCO3species were shown in Table 3.1 below.
d) Boundary conditions, Parameters of model
To carry out the simulation, the following boundary conditions were defined to
provide proper constraints for the governing Eq. 3.4. & Eq. 3.5. Electrolyte
potential of 0.180 V was defined on the electrolyte boundary (1000*W).
Concentration values for CO2, HCO3-, Na+ and Cl-, similar to initial values shown
below in Table 3.1, were defined were also defined at this boundary. This
definition corresponds to concentration in bulk electrolyte domain. Electrode
reaction as per Eq. 3.1 was defined on TiC electrode surface by defining
equilibrium potential for the electrochemical reaction and what species are
generated (CO2 & H+) using Butler-Volmer equation.
Following parameters were used in model that govern mobility and initial
values of participating chemical species.
Table 3.1 Parameters used in simulation of TiC oxidation reaction using
COMSOL
Parameter
Name

Value

Description

width

4[um]

Width of electrode

DH

9.312*10^-9[m^2/s]

Diffusion Co-efficient of H+

DOH

5.26*10^-9[m^2/s]

Diffusion Co-efficient of OH-

DCO2

1.94*10^-9[m^2/s]

Diffusion Co-efficient of CO2

73

DHCO3

1.105*10^-9[m^2/s]

Diffusion Co-efficient of
HCO3-

DNa

3.25*10^-10[m^2/s]

Diffusion Co-efficient of Na+

D

1*10^-9[m^2/s]

assume this value if not known

pH

7

cH0

1.00E-06

Initial concentration of OH-

cOH0

1.00E-06

Initial concentration of H+

cCO20

1.2e-5[mol/m^3]

cHCO30

Keq*cCO20/cH0

i0

2.5E-02[A/m^2]

n

8

Temp

37.3[degC]

Temperature of reaction system

E0

0.171[V]

For TiC to TiO2 reaction

alpha

0.5

Assumed

Assumed initial concentration
of dissolved CO2 in water
Initial concentration of HCO3
assuming equilibrium reaction
of aqueous CO2
Estimated exchange current
density value for TiC to TiO2
reaction
Number of electrons generated
as a result of TiC oxidation

cCl0

cCl0+cOH0+cHCO30cH0
1.54*10^5.5[mol/dm^3]
1.54*10^3.5[mol/dm^3]

Cl initial concentration-Steady
State
Cl initial concentration-Time
dependent Study

phil0

-0.181[V]

Electrolyte potential

kw

10^-14

Water Equilibrium Constant

Keq

4.25E-07

Equilibrium Constant for Eq.
3.7, CO2 equilibrium

cNa0

Na initial concentration

e) Stationary and Time Dependent study
i.

First, the steady state or equilibrium conditions for TiC oxidation
reaction (Eq. 3.1) was simulated considering heterogenous electrode
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kinetics on surface with water and aqueous carbon dioxide chemical
equilibrium reactions. Concentration profile over the length of
electrolyte domain was analyzed.
ii.

It was observed in previous chapter that open circuit potential shifted in
negative direction with onset of brushing abrasion due to increase in
oxidation reaction caused by rupture of passive film. In time dependent
study, the effect of this behavior was simulated by defining a time
dependent profile for electrolyte potential and observed the
corresponding current density. An interpolation function similar to open
circuit behavior of alumina-TiC was designed in which, for initial five
minutes, the electrode potential was kept constant(corresponding to OCP
stabilization) and then it was shifted in negative direction by 25mV and
it was held that more negative level for 5 minutes and then it resumed to
the original value. The stabilization of 5 minutes was chosen to reduce
the computational time and meet memory constraints. A slightly higher
Cl- concentration was used in time dependent as the current response
features could be best captured at higher concentration. While keeping
rest of the conditions same, effect of pH of environment was simulated
by making solution alkali. A pH value of 11 was used and the current
response was compared with one in neutral condition.

Other important details considered in the model that affect the outcome of the
computational study are:
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a) The vertical boundaries of the model design are considered passive i.e. they do
not participate in electrochemical reaction
b) There is no externally applied potential to the electrode surface and the
calculations are based on free potential conditions
c) The electrolyte potential node was used to define potential that reflects electrode
potential and it is essentially the opposite of electrode potential observed
experimentally, basically this corresponds to opposite of open circuit potential
observed in experiments and that is why it is defined on electrolyte boundary at
1000*W.
d) Concentration of Na+ and Cl- ions govern the response shape primarily. As the
concentration values per equilibrium constant are too small, the best response is
captured when the ratio of concentration of Na+ and Cl- with respect to other
chemical species is between 1-10

3.3 Results and Discussion
3.3.1 Theoretical Analysis
As seen in Table 3.2, reaction A (i.e. Eq. 3.1) is the most favorable from
thermodynamic point of view followed by reaction B. Thus, in terms of the most
favorable carbon product formed due to TiC oxidation, aqueous CO2 is the most probable
product among aqueous CO, CO3-2, HCOO-. From these calculations, it was also
concluded that unhydrated form of TiO2 is most favorable product as a result of TiC
oxidation and it can form more easily under the open circuit (no applied potential)
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conditions. The formation of hydrated TiO2, as seen from reaction’s Gibb’s energy, shall
require more externally applied energy.
Table 3.2- Gibbs energy for proposed reactions
Reactions

ΔG (kJ/mol)
at 25˚C

A- TiC+4H2O→TiO2+ CO2(aq)+ 8H+ + 8e-

-132.274

B- TiC + 3H2O→TiO2 + CO(aq)+6H+ + 6e-

-124.019

C- TiC+4H2O→TiO2+HCOO-(aq) +7H+ +6e-

-106.632

D- TiC+5H2O→TiO2·H2O +CO2(aq)+ 8H+ 8e-

-76.807

E- TiC+4H2O→TiO2·H2O +CO(aq)+ 6H++6e-

-59.270

F- TiC+ 5H2O→TiO2+CO3-2(aq) +10H+ + 8e-

-46.3418

3.3.2 Experimental Analysis
3.3.2.1 Temperature based study
As seen below in Fig.3.2, a slight decrease in pH was observed in abrasive
condition at all temperatures. This decrease in pH is related to hydrogen ion generation as
a result of TiC oxidation reaction proposed in Eq. 3.1. However, this decrease in pH was
also observed in heated environment when alumina-TiC sample was not abraded
(Fig.3.2-a, b) and the rate of decrease in pH in brushing condition was seemingly higher
than no brushing conditions (Table 3.3).
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8.6
8.4
y = -0.0038x + 8.3246
R² = 0.9403

8.2

pH

8
7.8
7.6

y = -0.0033x + 8.0662
R² = 0.8468

7.4
0

50

100

150

time(min)

Avg No brushing-75C

Avg Brushing-75C

Linear (Avg No brushing-75C)

Linear (Avg Brushing-75C)

Fig. 3.2-a: Change in pH of test environment during brushing abrasion of aluminaTiC in 0.3% Micro90 at 75˚C
There was almost no change in pH in no brushing case at room temperature but the
abrasion at room temperature still caused reduction in pH of the environment (0.0018
pH/min). With this experimental analysis, effect of temperature is isolated, it can be
understood that temperature plays a substantial role in chemical changes of environment
and could be affecting rate of TiC oxidation. More importantly, it is inferred that
brushing abrasion enhances the rate of TiC oxidation that increases H+ ion generation as
per Eq. 3.1.
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Fig. 3.2-b: Change in pH of test environment during brushing abrasion of aluminaTiC in 0.3% Micro90 at 50˚C
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Fig. 3.2-c: Change in pH of test environment during brushing abrasion of aluminaTiC in 0.3% Micro90 at room temperature
It is important to note that heating the test solution before starting the test reduces
the pH slightly hence, we see (Fig. 3.2-a & b) lower pH starting point that original pH of
the solution (~9.5). The amount of decrease in pH might look insignificant but pH is a
logarithmic value and a slight change can mean many moles of hydrogen ions are being
produced as a result of enhanced rate of TiC oxidation assisted by abrasion.
Table 3.3: Rate of change of pH of test environment under different experimental
conditions
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Temperature

75˚C
50˚C
Room
Temperature

pH

Experiment
Condition

Rate of pH
change
(pH/min)

9
9
9
9
9
9

Brushing
No Brushing
Brushing
No Brushing
Brushing
No Brushing

-0.0038
-0.0033
-0.00365
-0.0028
-0.0018
0

3.3.2.2 pH-based Study
The rate of change in pH in different pH environments showed a striking
difference (Fig. 3.3). At 50˚C in pH 7, there is almost no change in pH near alumina-TiC
sample under abrasion. However, in alkaline conditions, pH of the environment reduces,
indicating increase rate of oxidative electrochemical reaction on alumina-TiC surface that
is assisted by brushing abrasion.

9.9
9.8
9.7
9.6
y = -0.004x + 9.7345
R² = 0.9697

pH

9.5
9.4
9.3
9.2
9.1
9
0

50

100
time(min)
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150

Fig. 3.3-a: Change in pH during brushing abrasion of alumina-TiC at 50˚C in 0.3%
Micro90 (pH 9)

Fig. 3.3-b: Change in pH during brushing abrasion of alumina-TiC at 50˚C in
0.3% Micro90 adjusted to pH 7
Such difference in pH behavior shows that alkalinity or acidity of aqueous solution is also
a contributor to electrochemical activity of TiC.
Thus, from above experimental analysis, various aspects of electrochemical TiC
oxidation mechanism were identified, and it was obvious that reaction mechanism of TiC
oxidation does involve formation of protons and the rate of reaction is enhanced by
abrasion and pH of the environment and last but not the least temperature may be a
contributing factor that increases the energy of entire chemical system.
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3.3.3 Computational study
Experimental and theoretical analysis indicated what chemical species were
involved in electrochemical oxidation of TiC, but the scientific understanding of this
electrochemical process and it’s interplay with aqueous environment was lacking. A
simulation of electrochemical reaction system using a multiphysics computational model
enabled us to relate experimental and numerical data to governing mechanisms and
identify the effect of different parameters of a system. The results from computational
study show how transport of ions play out in terms of concentration of chemical species
across the electrolyte domain and potential changes caused by this movement of charged
species.
The outcome of steady state study indicates the typical behavior of ionic transport
in electrode/electrolyte system governed by Nernst-Planck transport of species and Butler
Volmer electrode kinetics. This is the state achieved when we allow the system to
stabilize. As seen below in Fig. 3.4-a, concentration profile of CO2 and H+ start at higher
value of around 10 mol/m3 at electrode surface, as a result of heterogeneous electrode
surface reaction simulating TiC oxidation and resumes its fixed concentration value at the
electrolyte domain boundary. Excess positive charge caused by H+ generation on
electrode surface is compensated by Cl- ions migrating towards electrode surface under
influence of electrostatic force, V.
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Fig. 3.4-a:Concentration profile of ionic species along length of electrolyte domain at
steady state
At electrode surface, H+ generation was neutralized by movement of OH- ions in
order to maintain the constraint enforced by water equilibrium reaction, hence the
concentration profile of OH- was complimentary to H+. This movement of OH- cation
attracts Na+ at electrode surface and hence the complimentary concentration profiles of
Na+ and Cl- were observed along the electrolyte domain as they diffuse to or away from
electrode surface to maintain charge neutrality in the domain. Their concentration profiles
reached equal value at electrolyte boundary domain where concentration represented bulk
concentration. HCO3- concentration profile showed some change, but the movement was
not evident in above plot due to its extremely low initial concentration. Thus, the
concentration profile of each chemical species under steady state conditions indicated
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that our model maintains electroneutrality while following ion transport as per NernstPlanck relationship and all homogenous reactions in equilibrium as per the definition of
boundary conditions.
The resultant electrolyte potential (V) profile through the length of electrolyte
domain is as shown in Fig. 3.4-b. This potential developed through the electrolyte domain
is a result of movement of charges ions across the length. This change in electrolyte
potential was affected by migration of ions under concentration gradient and electrostatic
force. It is difficult to isolate the parameters contributing to this shape of electrolyte
potential as it is result of balance and interplay between homogenous equilibrium
reaction, heterogeneous kinetics and transport of all chemical species [9]. Hence, the
mobility, concentration gradient and electrostatic force acting on charged chemical
species of system contribute to resultant electrolyte potential profile.
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Fig. 3.4-b:Electrolyte potential across the length of electrolyte domain
At the electrode surface, since H+ ions are generated as a result of heterogenous
reaction as shown by the positive potential developed that attracts negatively charged
chloride and hydroxyl ions rush to electrode surface to maintain the charge neutrality, the
magnitude of potential drop generated depends also on concentration of anions in
electrolyte system. As we move away from electrode surface, the standard OCP is
reached at bulk electrolyte domain.
For time dependent study, the current density over time is concurrently affected
by overpotential as suggested by Bulter-Volmer relationship in Eq.3.5. The breakdown of
passive layer is simulated indirectly by positive shift in applied electrolyte potential on
electrolyte boundary(far opposite of electrode surface that assumes the opposite charge to
maintain charge neutrality). It is important to keep in mind the electrolyte potential here
is shifted positively that is equivalent to negative shift of electrode potential as observed
in experiment observation. This potential affects the electrostatic force exerted on ionic
species and electric potential changes on electrode surface too and it is shown in Fig. 3.5a. The magnitude of the shift was set to 25 mV in 20 seconds after OCP stabilization for
5 minutes. When the potential shifts in negative direction i.e. in electrochemically active
direction, current density at electrode surface (Fig. 3.5-b) shifts in positive i.e. anodic
direction.
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Fig. 3.5-a:Potential profile of electrode open circuit condition to simulate the
negative OCP shift caused by mechanical process of brushing abrasion
During the stabilization period when equilibrium potential was kept constant, the current
followed an exponential decay until it reached a baseline stable value, as governed by
Butler-Volmer relationship as per Eq. 3.5. This was similar to experimental observation
of current profile during OCP stabilization period (although that data range is not shown
in this dissertation). When perturbation in potential of electrode was introduced in model
by making it more active, the current density response moved in anodic direction
indicating increased rate of oxidation reaction (Fig.4.2). Similar behavior in
electrochemical current was observed in response to brushing abrasion as discussed in
previous chapter (Fig. 2.2), although a much simple electrolyte is chosen in simulation.
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This magnitude of this shift is very close to what was observed experimentally in similar
conditions (2.84 µA/cm2) when exchange current density value used is derived from the
baseline current value obtained from brushing experiment in NaCl (further information in
Chapter 4, Table 4.2).
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Fig. 3.5-b: Current density at electrode surface in response to perturbed open
circuit profile
The magnitude of the shift is governed by exchange current density, io and concentration
of Na+ and Cl- ions govern the electrostatic potential force exerted on charged species
which is reflected in current response shape during the shift. The baseline current here is
much lower than experimental observation for alumina-TiC composite in saline
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solution(Fig. 4.2). There could be two reasons- the solution is more concentrated in
experiment and it has lacquered copper wire to make electrical connection with
potentiostat and this lacquer protection may not be offering total insulation. Also, the
electrode is just one dimensional in model versus realistic experiment. It is important to
note that, no considerations with regards to mechanical action were made in this
simulation and the effect of a mechanical process observed in experiment is simulated by
altering the profile of equilibrium potential of electrode. In alkaline electrolyte domain
(Fig.3.6), the base current is higher than in neutral medium. The increase in current
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Fig. 3.6-Effect of pH on current density on electrode resulting from TiC oxidation
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is almost similar and in alkaline the rise in current is slightly higher. In alkaline medium,
amount of protons is much less, and this dearth of protons enables higher rate of reaction.
This is very similar to experimental observation where rate of pH decrease was slower in
neutral condition than in alkaline condition.

3.4 Conclusion
Theoretical and experimental investigation of reaction mechanism involved in
oxidation of TiC was performed. It was inferred that as a result of electrochemical TiC
oxidation, TiO2 and CO2 are the most favorable reaction products along with H+ and
electrons. From experimental observations, it was also concluded that the rate of TiC
oxidation is enhanced by abrasion and the electrochemical response is dependent on
temperature and pH of aqueous environment. With the simplified computational model
described in this chapter, governing principles of a realistic reaction mechanism were
identified, and simulation results are verified by experimental observations in following
chapter of this dissertation. Electrochemical oxidation of TiC in aqueous environment is
governed by balance of electrode surface reaction kinetics as described by Butler-Volmer
relationship, transport of chemical species as per Nernst-Planck equation, equilibrium
reaction constraints and concentration of chemical species in an aqueous reaction system.
The model can be improved by making geometry of model design more complex and
considering cathodic reactions in computation.
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CHAPTER FOUR
COMPARISON STUDY OF ELECTROCHEMICAL AND BIOLOGICAL BEHAVIOR
OF ALUMINA-TIC WITH MEDICAL GRADE METAL/METAL ALLOYS IN
BIOLOGICAL ENVIRONMENT
In Chapter 2, electrochemical behavior of alumina-TiC composite under abrasion
was thoroughly investigated. Both components of composite- alumina and TiC are known
to be acceptable materials for biological use[1]. From electrochemical point of view, an
ideal implant material would be resistant to electrochemical interaction with surrounding,
release minimal to no ions causing adverse tissue reaction and exhibit tendency to form
hard and stable oxide layer resistant to mechanical wear under high mechanical loads. In
previous chapter, role of pH in electrochemical response of alumina-TiC composite was
investigated. At pH 7, the electrochemical response of alumina-TiC composite to
abrasion process was mitigated than in alkaline environment, primary reason being
minimal to no increase in electrochemical reaction rate in neutral pH[2] that is closer to
pH of biological environment. This pH-based response needs to be explored in further
detail. In this chapter, mechanically assisted behavior of alumina-TiC composite in
biological environment (neutral pH and saline solution at 37.3˚C) is evaluated. The
electrochemical response is also compared against popular metallic biomaterials –
commercially pure titanium (cp-Ti) and graphite coated CoCrMo (GC-CoCrMo) alloy.
Through this study, use of alumina-TiC composite as potential biomaterial was
investigated. The observations from electrochemical studies are accompanied with
surface analysis study to obtain an in-depth overview of electrochemical behavior
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alumina-TiC composite in biological conditions. Further, insights into possible use of
composite as implant material were gained by using cell culture techniques.
4.1 Introduction
Cp-Ti is used in variety of biomedical applications owing to their lower density,
excellent biocompatibility, passivation capacity and mechanical properties[3]–[5]. It is
widely used in dental and orthopedic applications [6] and it forms very stable,
impermeable passive oxide film over a large anodic range [7], however, under presence
of masticatory force, fluoride and acidic environments in oral environments, this
passivity may fail, and corrosion products formed can illicit inflammatory response and
interfere with osteo-integration [8]. CoCrMo alloy is the most popular metallic
replacement material for knee and hip prosthesis because of their superior mechanical
properties [9]. The improved mechanical properties of this alloy is due to solid-solution
strengthening effect of chromium and molybdenum and hard carbides [10]. Like cp-Ti,
CoCrMo also forms a passive layer made of mixture of chromium and cobalt oxides. This
passivity is lost under dynamic load conditions and debris release results in tissue
necrosis. In order to improve wear performance, CoCrMo alloys are often coated with
carbon-based films to reduce mechanical stress on surface and limit wear debris release.
These film lower their friction co-efficient by forming lubricating film at contacting
surfaces [11]. Even electrochemically, DLC films on CoCrMo substrate have found to
improve resistance to tribocorrosion of the alloy [11]–[13] due to their chemically inert
nature.
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It is already known that alumina is biocompatible ceramic[14] and TiC has shown
good adaptability to biological environment and has been used as coating to improve
wear performance and surface mechanical properties [15]–[17]. Hence, it is safe to
hypothesize that alumina reinforced with TiC would still maintain the biocompatibility
and the composite has an excellent potential to be used for in-vivo application. In spite of
improvement in mechanical and wear properties, electrochemical stability under
mechanical conditions needs to be assessed. In chapter 2, electrochemical degradation of
alumina-TiC composite was observed in heated alkaline conditions and the assessment of
the ceramic composite in aggravated aqueous environment provided information on
degradation mechanism of the composite under abrasion. In this study, primary research
goal is to study electrochemical behavior and cytocompatibility of alumina-TiC in
biologically relevant test environment. To obtain a meaningful understanding, a
comparative study with cp-Ti and GC-CoCrMo as reference materials was performed to
gain knowledge about relative performance of alumina composite. Electrochemical
behavior of the materials of interest was studied in response to abrasion in saline solution
at 37.3˚C, proteins were also added to test environment to observe the effect of organic
constituents. The experimental methods to execute research goals of this study are as
follows:
Table 4.1: Experimental design to evaluate electrochemical behavior and
cytocompatibility of alumina-TiC composite in biological conditions
Experiment

Goal
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Spontaneous Electrochemical Response
(∆I)
Chemical Study - XPS

Resistance to electrochemical process
activated by brushing
abrasion/corrosion
Oxide forming - Passivation ability

Chemical Study ICP-MS

Metal ion release

Surface analysis

SEM

Qualitative surface examination

Surface roughness

Quantitative surface examination

Potentiodynamic Polarization

Electrochemical stability at steady state

Passivity Index

Stability of passive film

Contact angle study

Wettability

Cytocompatibility

Direct Study

Capability to allow cell growth

Indirect Study

Effect of leachable on cell proliferation

In this study, the primary objective was to determine if alumina-TiC is resistant to
undesirable electrochemical interaction in biological environment and if it can be
potentially used as biomaterial for cell contacting biological applications. This was
achieved by observing spontaneous electrochemical current response to abrasion with and
without proteins. Further insights into resistance of alumina-TiC to electrochemical
degradation was obtained by corrosion parameters obtained from potentiodynamic
polarization study. XPS chemical analysis was also performed to investigate ability of
alumina-TiC composite to form titanium oxide that offers protection against
electrochemical interaction with aqueous environment. The stability of passive layer
formed on material was determined using from passivity index. Electrochemical stability
of alumina-TiC composite was also assessed by ICP-MS study to determine if the
composite releases any detectable metallic wear debris that could illicit inflammatory
response. Findings from ICP-MS chemical analysis provided preliminary insight for
cytotoxicity study that tested the effect of leachable release on growth of human bone
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marrow derived mesenchymal stem cells (HB-MSC). Contact angle study was also
performed to get an idea of wettability of alumina-TiC surface. The wettability of
material surface governs two factors: surface energy to interact with aqueous surrounding
and cell growth and spreading on biomaterial surface. High energy or hydrophilic
surfaces (low contact angle) offer more surface area for electrochemical interaction and
thus findings from contact angle study also contributed to assessment of resistance of
alumina-TiC to electrochemical degradation. A preliminary insight into biocompatibility
of alumina-TiC composite was obtained with direct contact cytocompatibility study, also
using HB-MSC along with cytotoxicity test. Qualitative surface analysis of each test
material was performed using surface profile and roughness changes before and after
abrasion.

4.2 Methods and Materials
4.2.2 Sample Preparation
For every test, commercially available alumina-TiC (70%/30%) sample, 10×10
mm in size, was first cleaned ultrasonically for 10 minutes in ethanol followed by rinsing
in deionized (DI) water. Cp-Ti and GC-CoCrMo alloy samples, 8 × 8 mm in size, with
mirror finish were polished with 0.05 µm alumina slurry on fine polishing rayon
microcloth disk and rinsed with DI water and further sonicated for 7 minutes in acetone
followed by ethanol. Electrical connection with the samples was established using a
copper tape and the test sample was used as working electrode (WE). All sides of the
sample except the top surface and copper tape to be exposed to test solution were coated
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with lacquer to minimize stray interferences. The prepared sample was kept at a fixed
position on a sample holder with its top surface facing up. A nylon brush in the form of
bundle of bristles with polyethylene base was used for brushing about vertical axis. The
nylon brush was cleaned by sonicating in ethanol for ten minutes followed by rinsing in
DI water.
4.2.3 Brushing abrasion study
To examine the effect of gentle abrasive process on each material type,
experimental setup used for brushing abrasion was similar to one used in Chapter 2
(Refer sections 2.2.1-2.2.4). The contact force between nylon brush and sample, before
abrasion was 69 gm-f (0.68N) controlled by the force monitoring unit by adjusting the
base plate on linear translation stage. This force may fluctuate about this constant set
value during brushing due to scattered contact of rotating bristles of the brush.
Before starting the brushing abrasion, open circuit potential (OCP) of sample was
allowed to stabilize for 10 minutes while recording the electrochemical current. Brushing
acceleration of 10 seconds to maximum abrasion speed was 800 rpm was used. Following
the brushing test, the composite sample was rinsed with DI water and ethanol and stored
for surface analysis. Three readings were taken for each sample type and the spontaneous
electrochemical response (∆I) to brushing abrasion was determined as the relative rise in
electrochemical current from the baseline. Any statistically significant difference between
each material type was determined using ANOVA method (p<=0.05) followed by adhoc
analysis using Tuckey’s method
4.2.4 Electrochemical measurements
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Electrochemical measurements were made using VersaStat MC. Saturated
Calomel Electrode (SCE) was used as reference electrode (RE), platinum mesh as
counter electrode for potentiostatic (applied potential) and potentiodynamic tests and as
ground lead (GND) for open circuit condition (free potential) measurements. Saline
solution, 0.9% NaCl in DI heated to 37.3°C was used as electrolyte and to study effect of
proteins on electrochemical behavior of test material, 0.9% NaCl + 10% vol/vol newborn
calf serum (NCS, Gemini Bioproducts, West Sacramento, CA, USA) was used as another
electrolyte. To monitor the brushing induced electrochemical current response without
any applied electrical potential (free potential condition), potentiostat was set in Zero
Resistance Ammeter (ZRA) configuration and three-electrode setup was used. A typical
data from a sample showed an underlying exponential baseline and for better analysis of
change in current induced by brushing abrasion the exponential baseline was removed.
4.2.5 Surface Characterization-SEM
Abrasive alterations in surface morphology were examined through comparison
of images obtained from Scanning Electron Microscopy (SEM) (S4800, Hitachi High
Technologies, Tokyo, Japan) for abraded samples and pristine samples at 5 kV.
4.2.6 Long Abrasion study
As the mode of abrasion (brushing) employed in this study is of gentle nature,
hence, to obtain measurable alterations in surface chemistry, a study with much longer
duration of brushing abrasion in neutral pH electrolyte was designed. To accelerate the
surface chemistry changes by brushing abrasion, continuous brushing in 37.3°C was
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performed in 0.9% NaCl at 1000 rpm (ramping time of 10 s) for 4 hours after 10 minutes
of OCP stabilization.
4.2.6.1 Chemical analysis- X-Ray Photoelectron Spectroscopy (XPS)
Abraded regions were marked under optical microscope for surface chemical
analysis by X-ray Photoelectron Spectroscopy (XPS). Elemental scans for titanium were
performed to observe changes in oxidation states after brushing abrasion for alumina-TiC
composite. Atomic percentages of each element (Ti, C, Al and O) from XPS scans were
obtained to detect changes in surface chemistry due to electrochemical process activated
by brushing abrasion of alumina-TiC. XPS is a surface analysis technique and gives
information from top 5-10nm surface layers. Hence, the GC-CoCrMo samples were
sputtered for 5 minutes with argon gun at the rate of 1.4 nm/min and peaks corresponding
to carbide showed. However, graphite coating over CoCrMo substrate is couple of
microns thick and it prevented any Co or Cr detection. Hence supplementary chemical
analysis for GC-CoCrMo was performed by using EDX method.
4.2.6.2 Chemical Analysis- ICP-MS
After brushing abrasion experiment for long duration, the test solutions for each
type of sample was analyzed to detect for traces of any wear debris released using ICPMS (Inductively Coupled Plasma Mass Spectrometry). Solution after abrasion of
alumina-TiC composite was tested for Ti and Al traces; solution for Cp-Ti was tested for
Ti and solution for CoCrMo was tested for Co and Cr traces. Pristine saline solution was
also analyzed as a control.
4.2.6.3 Surface Characterization-Surface Roughness

100

Surface roughness was also measured to determine the resistance to abrasion wear
and compare the degree of differences in morphological damage incurred for each kind of
sample. The white light interferometer (NPFLEX, Bruker-Nano Surface, Tuscon, AZ,
USA) was used to obtain five readings per sample that was abraded and compared with
same number of readings with pristine sample. Root mean square of height ordinate
values within the defined area, Sq, was recorded. It is a surface reading (area reading)
that spans in x and y direction. Any statistically significant difference in surface
roughness between pristine and tested sample caused by abrasion was determined using
ANOVA method (p<=0.05) followed by adhoc analysis using Tuckey’s method.
4.2.7 Potentiodynamic polarization study
In this study, potential of sample material was swept from a negative potential to
positive potential and in the process, we come across a potential where rate of anodic and
cathodic reactions is equal and test sample is in equilibrium with the electrolyte. This
potential is indicative of thermodynamic quantity and is called corrosion potential (E corr)
or open circuit potential or equilibrium potential. The current at E corr is known as
corrosion current (Icorr) or exchange current density or baseline current when no external
voltage is applied. Icorr is a kinetic parameter that plays role in corrosion rate and is
dependent on system variables like type of metal, solution composition, solution
movement, metal history, etc. Through this experiment, thermodynamic tendency of
material sample to oxidize was determined with Ecorr. An indirect measurement of
corrosion rate using Icorr was obtained. The more negative Ecorr, the more the material is
electrochemically active and has higher potential to undergo electrochemical oxidation.
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Keeping the sample preparation method as described above, potentiodynamic scan was
performed on each type of sample in 0.9% NaCl at 37.3°C. With three electrode
configuration, platinum mesh was used as counter electrode, test sample as working
electrode and Calomel electrode as reference electrode. Voltage at working electrode was
scanned from -0.5V to +0.5V vs OCP at the scan rate of 0.5mV/s. Three readings were
taken per sample. Ecorr represents the potential sample holds when ideally zero current
passes through its surface when applied voltage is scanned, in short it is the potential
where the sample is in equilibrium with electrolyte. Ecorr and Icorr were derived by fitting
Tafel’s curve in active region (25 mV in cathodic and anodic direction from Ecorr). To
investigate how abrasion process affected Ecorr and Icorr, the same experiment was
repeated when each material sample was abraded at maximum speed of 1000 rpm
brushing. Any statistically significant difference between each material type was
determined using ANOVA method (p<=0.05) followed by adhoc analysis using Tuckey’s
method.
4.2.8 Passivity Index study
When a metal is scanned in anodic direction from OCP or Ecorr or corrosion
potential it forms passive oxide film as a result of increased rate of oxidation reactions.
This oxide film offers resistance to further charge transfer processes and offers protection
from corrosive oxidation reactions. However, as potential of the metal is made more
anodic, the thickness of the oxide film increases. In a study on cp-Ti, it was found that
electrical conductivity of a film may not be uniform and this heterogeneity in its
composition or structure could be playing a role in breakdown of the oxide film at
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localized sites. Also, as the potential is made positive, the electric field strength across
the oxide film exceeds a critical value [18]. The potential at which passive layer
breakdown as marked by sharp increase in current is called breakdown potential (E b) or
pitting potential and this increase is due to steady nonuniform corrosion causing pitting.
Passivity Index (PI) is the difference between Eb and Ecorr disregarding minor
features[19]. PI quantifies the breadth of passivation region and it indicates the resistance
of passive film on substrate to localized corrosion initiation[20].
After cleaning samples in acetone and ethanol, three electrode setup was used
where platinum mesh acted as counter electrode (CE), calomel electrode as reference
electrode and sample of interest as working electrode (WE) in 0.9% wt. NaCl solution in
deionized water at 37.3˚C. A cathodic potential of -500mV vs OCP was applied to the
WE for 120 s followed by OCP stabilization for 10 mins. The potential of the test sample
(WE) was ramped in anodic direction from 0V to 2.5V vs OCP at scan rate of 0.5mV/s.
Ecorr was measured and the potential at which sudden increase in current was noted at
breakdown potential Eb. PI was calculated as (Eb-Ecorr). Three readings were taken for
each sample and statistically significant difference was analyzed with one-way ANOVA
(alpha=0.05).
4.2.9 Contact angle measurements
The success of the integration of a biomaterial depends on wettability of implant
surface and how easily biologically active molecules adsorb. Hence, wettability of a
material plays a key role in biological response at implant/bone interface. The general
idea is contact angle below 90˚ offers a hydrophilic surface allowing better cell protein
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adhesion events than higher contact angle of surface (hydrophobic) that cause proteins to
denature and result in diminished cell adhesion. Wettability also plays a role in corrosion
processes. More wettable a material is, greater the surface area of the material will be in
contact with aqueous environment and greater will be the damage due to corrosion.
Each sample was cleaned with acetone and ethanol, followed by DI rinsing.
Samples were air dried and stored under vacuum for 2 days before testing. Sessile drop
technique was utilized to measure contact angle of Dulbecco’s modified Eagle medium
(DMEM)(VWR Life Science, Radnor, PA, USA), a medium that represents biological
environment seen by cells much closely. Contact angle for a sessile drop was measured at
the point at which solid/liquid/gas phases meet between the tangent drawn at this contact
point and horizontal baseline. For each material type, six surface contact angles were
recorded at 35% humidity for 2 µL drop of DMEM per reading using goniometer (DSA20E, Kruss, Hamburg, Germany). One-way ANOVA (alpha=0.05) was performed to
check for statistically significant difference between each sample type followed by posthoc analysis using Tuckey-Kramer test.
4.2.10 Cytocompatibility study
The primary objective of this experiment was to test cytocompatibility of aluminaTiC composite for biological applications and observe if it can be integrated with live
biological system. Through this study the success of interaction of alumina-TiC with
cellular and biological environment was assessed. Two studies - direct and indirect contact
study was executed. Cell interaction with surface of each material type was studied by
directly seeding stem cells on the material surface and measuring cell viability over period
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of time. Cytotoxicity was evaluated by indirect contact study and assess if sample material
releases any ions or leachable that is detrimental to cell metabolism and growth.
4.2.10.1 Sample Cleaning and preparation
Cp-Ti and GC-CoCrMo samples were polished with alumina slurry (0.05 µm)
followed by rinsing in deionized (DI) water and sonicating in acetone and ethanol. This
step ensures surfaces are well polished and cleaned. These sample surfaces were further
cleaned as per modified Clemson Bioengineering protocol (MCBC) to remove other
inorganic or organic contaminants on sample surfaces. This protocol consists of
following steps:
1. Ultrasonic Cleaning (UC) for 20 mins that includes 10 minutes of sonication in
full strength isopropyl alcohol and 10 minutes of sonication in 1% liquinox
detergent solution
2. Ultrasonic rinsing (UR) for 15 mins in deionized water
3. Samples will be handled by Teflon tweezers (also cleaned by same protocol)
4. After cleaning samples will be allowed to dry in vacuum dessicator until they are
sterilized
Samples were sterilized by autoclaving at 121°C for 1 hour.
4.2.10.2 Cell culture study
Human bone marrow derived mesenchymal stem cells (HB-MSC) were cultured
in T75 flasks in mesenchymal stem cell expansion (MSCE) media that comprised of
Mesenpro Basal media (96%)(Thermofischer, Waltham, MA, USA), MesoPro growth
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supplement (2%) (Life Technologies, Carlsbad, CA, USA) and 200mM L-glutamine
(1%)(Quality Biological, Gaithersburg, MD, USA) and antibiotic-antimyotic (Ab/AM)
(1%)(Corning Life Sciences, Tewksbury, MA, USA) for 10 days and were then passaged
and cultured in DMEM supplemented with 10% fetal bovine serum(FBS)(Atlanta
Biologicals, Flowery Branch, GA, USA) and 1% Ab/AM in 37°C and 5% CO2
environment.
For direct study, HB-MSC were seeded on the sample surface at cell density of
7000 cells/cm2 along with a positive control to compare the cell growth. Three sets of
each sample type were seeded with cells and incubated at 37°C and 5% CO2
environment. The cell viability of each set was assessed with Live/Dead assay at
timepoint of 24hrs, 48hrs and 72 hrs.
For indirect study, sample preparation guideline as per ISO-10993:12 was
followed. The extraction medium for each sample type was prepared by soaking each
sterilized sample type in DMEM medium as per 3cm2/ml ratio. The samples were
immersed in medium for 72 hrs. in 37°C and 5% CO2 environment. Further, 1000 cells
were seeded in each well. HB-MSCs were allowed to grow for 7 days in five replicates
for each type of extraction medium and a positive control containing normal DMEM
medium. On day 1, 4 and 7, degree of cell proliferation was assessed with AlamarBlue
(AB) reagent (Thermo Scientific, Waltham, MA, USA). On each time point, 1/10th
volume of AB reagent was added directly to cells in culture medium. After 6 hours of
incubation, fluorescence was measured for excitation at 555nm and emission at 590nm
wavelength. For the last time point on day 7, cell viability was also performed to identify
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the state of cell viability using Live/Dead assay. Cell proliferation is measured as the
relative percentage ((test fluorescence/positive control fluorescence) *100).

4.3 Results and Discussion
4.3.1 Electrochemical response to brushing abrasion
Under OCP conditions, the alumina-TiC composite showed a baseline current of
nearly 19 µA in NaCl (Table 4.2). After OCP stabilization, brushing abrasion results in
typical ‘passive layer breakdown’ behavior and open circuit current rises by a definite
value ∆I, a differential parameter that quantifies the change in electrochemical current
response per unit area during period of brushing abrasion from baseline. Throughout the
duration of abrasion, this rise in current was sustained unlike the current response
observed in Chapter 2 (Fig. 2.2). In this study, electrolyte had chloride ions that interfered
with instantaneous repassivation [21], [22]. As brushing stoped, the current decayed and
restored its original path of OCP stabilization, suggesting a repassivation process
occurring to remedy the disruption of the oxide barrier on the sample surface. Similar
electrochemical current response, as seen in [23], [24], was also observed for cp-Ti and
GC-CoCrMo, although overall baseline current for each sample differ as seen in Table
4.2. As seen in Table 4.2, alumina-TiC composite has the lowest average baseline current
however its electrochemical response to brushing (∆I) as seen in Fig.4.1, is statistically
similar to current density response (p≤0.05) to GC-CoCrMo.
Table 4.2: Electrochemical current response values for alumina-TiC, cp-Ti and
CoCrMo alloy samples due to brushing abrasion in 0.9% NaCl at 37.3˚C
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N=4

cp-Ti

Alumina-TiC

GC-CoCrMo

Baseline
Current (µA)

98.650

19.130

33.359

Std Dev

19.127

1.276

3.663

∆I (µA/cm2)

22.826

2.844

4.025

Std Dev

9.892

0.155

1.701
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Fig. 4.1 - Current response (∆I) of alumina-TiC, cp-Ti and GC-CoCrMO to
brushing abrasion in biological solution at 37°C (p<=0.05)
Under the same test conditions, the electrochemical current response of alumina-TiC to
abrasion reduced considerably in presence of proteins as shown in Fig. 4.2. Similar
reduction in current response was also observed for cp-Ti and GC-CoCrMo samples. This
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is due to adsorption of protein layer that act as a barrier in release of metal ions and it
also forms a lubricating barrier that offers wear resistance. This observation was similar
to reduced wear rate observed in presence of protein environment in [25], [26] .

Fig. 4.2: Electrochemical current response to brushing with and without presence of
proteins in 0.9% NaCl at 37.3˚C
4.3.2 Surface characterization-SEM
SEM images of alumina-TiC composite at 30X show concentric rings consistent
with rotational brushing along vertical axis trajectory (Fig. 4.3 a-c). The ploughing marks
due to brushing abrasion on alumina-TiC sample was similar to the observations in
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chapter 2, but no additional damage was noticed, in fact the material removal on alumina
matrix is reduced visibly in neutral pH of biological environment at 37.3°C. It can be
understood that alumina domain of composite undergo microfracture due to abrasion
Material removal is mainly observed on alumina matrix domain near grain boundary and
TiC grains show no sign of abrasion damage. This means the type of surface damage is
similar to observation in chapter 2 for wet environment and probably what is different is
the electrochemical reaction mechanism involving Cl- ions interfering with passivation
process on TiC domain.

Fig.4.3-a:30X
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Fig.4.3-b:250X

Fig.4.3-c: 500X
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Fig.4.3-d:2000X
Fig. 4.3: SEM images (S4800) of alumina-TiC sample after brushing abrasion in
0.9% NaCl at 37.3°C at magnifications of a) 300X, b) 250X, c) 500X, d) 2000X
For cp-Ti (Fig. 4.4 a-c), circular marks along brushing path were observed but the seemed
milder than alumina-TiC. The abraded region on cp-Ti is interestingly lighter than
surrounding unabraded area and this indicates certain type of chemistry change in the
region due to abrasion, indicating formation of thicker layer of TiO2 along the brushing
trajectory.
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Fig.4.4- a: 30X

Fig.4.4- b: 250X
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Fig.4.4-c: 500X

Fig.4.4-d: 2000X
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Fig. 4.4: SEM images (S4800) of cp-Ti sample after brushing abrasion in 0.9% NaCl
at 37.3°C at magnifications of a) 300X, b) 250X, c) 500X, d) 2000X
SEM images of GC-CoCrMo seen in Fig. 4.5 show little to no morphological damage due
to abrasion. We can see only few plowing lines with no evidence of material removal due
to hardness of graphite coating that offers better wear resistance. However, regions of
precipitation and debris accumulation are observed around some brushed off areas.

Fig.4.5-a : 25X
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Fig.4.5- b: 250X

Fig.4.5-c:500X
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Fig.4.5- d : 2000X
Fig. 4.5: SEM images (S4800) of CoCrMo sample after brushing abrasion in 0.9%
NaCl at 37.3°C at magnifications of a) 300X, b) 250X, c) 500X, d) 2000X
In presence of proteins, we still see circular abrasion marks on alumina-TiC sample in
low magnification (Fig. 4.6 as seen below), however as we zoom in, we see no material
removal on alumina domain. Hence, the brush marks that we see in lower magnification
is probably like scrape marks on adsorbed protein layer. For cp-Ti (Fig. 4.7), almost no
abrasion marks are seen in lower magnification, however as we see in higher
magnification, we see few directional scrapes and some kind of film and same is the
observation of GC-CoCrMo (Fig. 4.8). This corresponds to the mitigated electrochemical
current response in proteinaceous test environment.
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Fig.4.6- a : 30X

Fig.4.6- b : 250X
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Fig.4.6- c: 500X

Fig.4.6-d: 2000X
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Fig. 4.6: SEM images (S4800) of alumina-TiC sample after brushing abrasion in
0.9% NaCl+10% FBS at 37.3°C at magnifications of a) 300X, b) 250X, c) 500X, d)
2000X

Fig.4.7-a : 30X
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Fig.4.7-b : 250X

Fig.4.7-c: 500X
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Fig.4.7- d : 2000X
Fig. 4.7: SEM images (S4800) of cp-Ti sample after brushing abrasion in 0.9% NaCl
+ 10% FBS at 37.3°C at magnifications of a) 300X, b) 250X, c) 500X, d) 2000X
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Fig.4.8-a : 30X

Fig.4.8- b : 250X
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Fig.4.8-c : 500X

Fig.4.8- d : 2000X
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Fig. 4.8: SEM images (S4800) of CoCrMo sample after brushing abrasion in 0.9%
NaCl + 10%FBS at 37.3°C at magnifications of a) 300X, b) 250X, c) 500X, d) 2000X
From these observations, it can be concluded that when alumina-TiC is abraded in
proteinaceous biological environment under low load condition, there is almost no
electrochemical response and no surface damage.
4.3.3 Long abrasion study
4.3.3.1 Chemical analysis - XPS and EDX
In case of XPS analysis of surface of alumina-TiC, the regional elemental scans
for titanium, seen in Fig. 4.9 below, show the relative percentage of the Ti2p3/2 bonded to
Ti and the Ti2p 3/2 bonded to oxygen in TiO2, where a normalized count per second (cps)
was obtained with respect to a common peak at approximately 464.4 eV for both
samples. The pristine sample showed a default TiO2 peak at 458.3 eV with a Ti2p3/2 peak
at 454 eV representing a Ti-Ti bond. For brushed sample, the number of Ti bonded atoms
to oxygen increased by almost two times as marked by a higher peak at 458.3 eV
corresponding to Ti2p3/2O2 formation. Thus, chemical analysis through XPS suggested
formation of possibly thicker TiO2 film after abrasion in saline environment that offers
protection from oxidative electrochemical process.
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Fig. 4.9:Elemental scans from XPS analysis for alumina-TiC composite brushed and
pristine samples
The cp-Ti samples subjected to long duration brushing showed visible signs of
purple rings along the trajectory of brushing. Both pristine and tested cp-Ti samples
showed presence of TiO2 peaks. It is known that color of titanium oxide also depends on
thickness and density of the oxide layer. There are studies where dark violet color as seen
on tested cp-Ti samples is associated with Ti2O3. It was associated with the transport of
oxygen and its reaction with the titanium[27]. Since both samples showed TiO2, it can be
inferred that chemistry wise there is no difference between abraded and unabraded region
of cp-Ti except for the change in thickness of the oxide along the brushing path, which
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means that there was a continuous oxide layer rupture followed by remediation that
occurred during the entire duration of abrasion.
XPS analysis of GC-CoCrMo only showed presence of carbon and oxygen due
the graphite coating on CoCrMo substrate was too thick to deliver meaningful data.
However, a supplementary insight in changes in surface chemistry was obtained by EDX
analysis of GC-CoCrMo alloy under 10kV before and after abrasion. The electrons are
more energetic, and they pierce through the graphite coating and electron are released
from CoCrMo substrate. Atomic percentage (Table 4.3) of oxygen was higher in abraded
sample along with accompanying reduction in atomic percentage of Cr and Co than
pristine sample. This shows possibility of Co and Cr being released into the solution.
Silicon presence may be due the addition during GC-CoCrMo manufacturing and other
traces of aluminum and manganese were also detected.
Table 4.3: Atomic percentage of elements from EDX analysis of GC-CoCrMo before
and after abrasion

Abraded
Element
O
Si
Cr
Co
Mo
Al
Total

Pristine

At%
31.6187
37.9167
10.84
16.3987
2.87333
2.65
100

4.3.3.2 Chemical Analysis-ICP-MS
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Element
O
Si
Cr
Co
Mo
Mn
Total

At%
2.88
50.835
16.795
26.74
2.575
0.7
100

ICP-MS analysis on test solution after long duration abrasion of alumina-TiC and
cp-Ti did not show any traces of Ti and Al different than untested solution. In response to
gentle brushing abrasion, even for longer duration we do not see Ti or Al released into
solution. This can be attributed to strongly adherent TiO2 film that may be formed on cpTi and alumina-TiC. However, Co was detected in test solution for GC-CoCrMo alloy
showing concentration 14ppb even if it is protected by graphite layer, a possible defect in
the graphite later can act as an active site exposing CoCrMo substrate. Cobalt being
active in the neutral pH range, actively dissolves during extended abrasion process . The
localized geometry of possible defect and ingress of chloride ions into a small defect
exacerbate rate of cobalt dissolution from substrate or interfacial layer [24].
4.3.3.3 Surface Characterization-Surface Roughness
In following images, 3D surface profiles of each material type after abrasion is
shown. One of the sections of circular abrasion track is captured. For alumina-TiC
(Fig.4.10-a) and cp-Ti (Fig. 4.10-b), spikes are seen along the abrasion path. For aluminaTiC, this can be attributed to the troughs that is created due to material removal of
alumina ,as seen in SEM examination of abraded sample and TiO2 layer formed as
indicated by XPS survey scan of abraded region. While in case of cp-Ti, these peaks were
solely attributed to thickening of TiO2 layer along abrasion path. GC-CoCrMo showed
almost uniform surface with very little changes in surface topography, indicating no
surface damage due to abrasion. This was further confirmed by comparison between
pristine and abraded RMS values for area surface roughness.
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Fig. 4.10-a: Alumina-TiC
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Fig. 4.10-b: Cp-Ti

Fig. 4.10-c :GC-CoCrMo
Fig. 4.10: 3D profiles of 120 µm x 95 µm surface area after long duration abrasion of
a) alumina-TiC, b) cp-Ti and c) GC-CoCrMo in 0.9% NaCl at 37.3˚C
The area roughness for each material type is as seen in Fig. 4.11 below. Alumina-TiC and
cp-Ti abraded samples show higher surface roughness than pristine condition, whereas
GC-CoCrMo has no statistically significant difference on surface damage due to brushing
abrasion. It is important to note that, the abrasion mechanism employed in this study is of
gentle and low-load in nature and this wear performance of GC-CoCrMo may not be
consistent under highly loaded condition.
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Fig. 4.11: Comparison of RMS area surface roughness between pristine and
abraded samples of alumina-TiC, cp-Ti and GC-CoCrMo after 4 hrs. abrasion in
0.9% NaCl at 37.3˚C
Nevertheless, it is the hard and smooth graphite layer of GC-CoCrMo that imparts the
observed superior wear resistance to abrasion.
4.3.4 Potentiodynamic polarization
As we see in Fig. 4.12, under undisturbed condition, potentiodynamic scan for
GC-CoCrMo, cp-Ti lies in more negative direction than alumina-TiC and there is no
significant difference in Ecorr of GC-CoCrMo and cp-Ti (Table 4.4). This shows aluminaTiC is the least electrochemically active than other two materials under undisturbed
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condition. It is important to note that Ecorr is a thermodynamic property and corresponds
to tendency to corrosion(more negative Ecorr, more active and greater tendency to
oxidize). Icorr, the current density at Ecorr, for cp-Ti is the highest followed by aluminaTiC and GC-CoCrMo (Table 4.4). It should also be noted that there is no significant
difference in Icorr values between alumina-TiC and GC-CoCrMo. Icorr is a kinetic
parameter and is directly related to corrosion rate. All the comparisons mentioned above
are statistically significant for alpha <0.05. These observations suggest that alumina-TiC
is least possible to electrochemical degradation under undisturbed conditions and its rate
of electrochemical degradation is lower than cp-Ti but not very different than GCCoCrMo.
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Fig. 4.12: Potentiodynamic scans in 0.9% NaCl with no abrasion at 37.3°C
Insulating alumina matrix of the ceramic composite could be playing a vital role
in reducing the amount of area that allows charge transfer processes. Graphite coating
undoubtedly offers corrosion resistance to CoCrMo substrate but carbon in this coating
does allow charge transfer.
Table 4.4 -Ecorr and Icorr for potentiodynamic scans in 0.9%NaCl at 37.3°C under
still condition

Ecorr (V)

N=3
Mean
Std.
Dev

Alumina-TiC
-0.125

Cp-Ti
-0.163

GC-CoCrMo
-0.187

7.85E-03

6.34E-03

8.49E-03
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Icorr

(A/m2)

Mean
Std.
Dev

2.74E-03

**
2.00E-02

2.20E-03

6.34E-04

8.92E-03

3.61E-04

**
**
**

p<0.05

Under abrasion, a different scenario is observed (Fig. 4.13 & Table 4.5) where
alumina-TiC composite is the least electrochemically active, when compared to cp-Ti and
GC-CoCrMo, with more positive Ecorr and lowest Icorr. This indicates superior
performance of ceramic composite than metallic alloys in term of electrochemical
behavior under dynamic mechanical conditions.
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Fig. 4.13: Potentiodynamic scans in 0.9% NaCl at 37.3°C under abrasion conditions
Table 4.5 : Ecorr and Icorr for potentiodynamic scans in 0.9%NaCl at 37.3°C under
abrasion condition
Alumina-TiC

cp-Ti
-0.194
1.86E-02
**
1.38E-02
5.99E-03
**

Ecorr (V)

Mean
Std Dev

-0.055
5.25E-03

Icorr(A/m2)

Mean
Std Dev

1.89E-03
6.06E-04
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GCCoCrMo
-0.134
1.70E-03
1.68E-02
5.67E-03

4.3.5 Passivity Index
The breakdown potential, Eb is noted where the current increases sharply from the
passivation current density. As seen in Fig. 4.14 and Table 4.6 below, the overall current
density for alumina-TiC is the lowest among all the material types whereas cp-Ti exhibits
the highest current density. However, as we look at the scans below, cp-Ti does not show
a sharp change throughout the range of anodic scan. This behavior is similar to
observation in other studies[28],[29] and that the impermeable TiO2 oxide film on cp-Ti
is resistant to pitting attack in current electrolyte conditions in entire potential range.
Hence for cp-Ti, PI calculation is not relevant. Alumina-TiC on other hand, shows
thickening of oxide layer from potential range of 220mV upto 1V beyond which a stable
oxide layer is formed. At potential of 1.8V, there is a breakdown in passivity and oxide
layer loses its integrity due to formation of stable pits that may not be able to re-passivate
and thus compromise resistance to anodic dissolution.
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Fig. 4.14: Anodic polarization in 0.9%NaCl from OCP to 2.5Vat 37°C
Within 2.5V, alumina-TiC composite seemed to be forming a secondary passive region.
GC-CoCrMo sample had the highest current among three types of materials. It has a
graphite coating that hardly achieves a stable passive region and current increases with
anodic potentials and breakdown of any protective layer occurs at much lower potential
(~0.9V). As seen in Fig. 4.14, 4.15 &Table 4.6, passive film or protection from graphite
layer is much less stable than alumina-TiC. However, cp-Ti was overall more resistant to
pitting than other two materials. The surface of GC-CoCrMo clearly showed pits even
with a naked eye and solution turned yellow indicating release of presence of Cr+3 ions
into the solution.
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Table 4.6: Corrosion potential (Ecorr), breakdown potential (Eb) and passivity index
(PI) for alumina-TiC, GC-CoCrMo and cp-Ti
n=3

Alumina-TiC
GC-CoCrMo
Eb
Ecorr
PI
Eb
Ecorr
PI
1.895 -0.1088 2.0038 0.9007 -0.1797 1.0804

Eb
N/A

1.828

-0.1279

1.9559 0.9243

-0.1973

1.1216

N/A

1.721

-0.0768

1.7978 0.9051

-0.1696

1.0747

N/A

Average 1.815
Std. Dev 0.0717

-0.105
0.0211

1.919
0.088

-0.182
0.0114

1.092
0.0209

0.91
0.0102

cp-Ti
Ecorr
PI
-0.139 N/A
N/A
0.1261
N/A
0.1162
-0.127
0.0093

The chloride ions present in the test environment play a significant role in tendency to
form pits. The chloride ions adsorb around susceptible surface feature or possible defect
in graphite layer and accumulation of chloride ions near this site results in thinning of
oxide layer. On further anodic polarization, more chloride ions are attracted and a stable
pit is formed that increases current. It was concluded in a study [30] that chloride ions are
drawn to metal surface as a result of oxide growth during polarization, incorporated into
the oxide film that comprises the integrity of passive film by introducing pits or defects.
It is also important to consider that alumina-TiC has a high possibility for Cl- ingression
through oxide film.
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Fig. 4.15: Passivity index for alumina-TiC and GC-CoCrMo in 0.9% NaCl at 37.3˚C

It is the TiC grain, embedded in alumina matrix, that forms TiO2 layer and the grain
boundary is always a susceptible region for chemical attack. Ideally otherwise, like TiO2
oxide layer formed on cp-Ti, the oxide layer on TiC grain should be stable throughout
anodic polarization. For GC-CoCrMo, the thickness of coating thickness plays an
important role and any needle like defects act like a pinhole act like a tunnel allowing Cl ions reach the substrate at faster rate as anodic potentials are scanned [13]. From this
study, it was inferred that alumina-TiC composite forms much stable passive layer than
GC-CoCrMo, but the passivation is not as stable as observed for cp-Ti and this can be
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attributed to the surface profile and interfacial defects introduced by material design and
synthesis procedures.
4.3.6 Contact angle study
Contact angle (CA) is a measure of wetting ability of surface. Wettability is a
critical property that governs integration of a biomaterial with bone or soft tissue. More
specifically, wettability which is equivalent to surface energy, governs adhesion of
proteins, cell interaction, rate of osteointegration and bacterial adhesion. CAs less than 90
degrees are considered hydrophilic and greater than 90˚ are hydrophobic [31]. In this
study, alumina-TiC composite showed (Fig. 4.16) the highest contact angle (69.62˚) than
cp-Ti (67.83˚) and GC-CoCrMo (40.27˚). Depending on cell type, the optimal contact
angle for cell adhesion and proliferation varies with application. For example, extreme
hydrophilicity is not favorable for materials in contact with blood containing
thrombogenic factors. In current study, GC-CoCrMo is a the most hydrophilic material
among all but the contact angles studied are well within the range of 40-70˚ that allow
HB-MSC adhesion [31].
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Fig. 4.16: Average contact angle for DMEM droplet on each material type
From a different perspective, hydrophilicity works against the corrosion resistance
of the surface. Low contact angles correspond to higher surface energy and there is more
probability of surface atoms participating in electron transfer processes with aqueous
environment. Hence, the lower contact angle of GC-CoCrMo supports our finding from
electrochemical studies and ICP-MS chemical analyses, that GC-CoCrMo offer poor
performance in terms of metal ion release with shorter passivity region and its inherent
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tendency to be the most electrochemically active (Ecorr). However, it still could be a
surface that allows cell growth.
4.3.7 Cytocompatibility study
4.3.7.1 Direct Contact Seeding study
As we see below in Fig. 4.17-a, the alumina-TiC surface on Day 1 does show
some live cells with a few dead cells, whereas cp-Ti (Fig. 4.14-b)and GC-CoCrMo(Fig.
4.14-c) show slightly more live and spread out cells. It is important to consider that some
of the cells may have be washed off during the preparation procedure before using
LiveDead assay at each time point. Thus, fewer number of cells may mean that cell
attachment was not complete. However, as we progress into the Day 2 (Fig.4.17-d & f),
alumina-TiC composite showed much higher number of cells on the surface. There were
a couple of clusters of cells seen that showed extremely dense network of cells
resembling a monolayer. On Day 3, a higher density of cells was observed with almost 4
clusters of cells on alumina-TiC surface. On lower magnification, the cells around the
clusters showed some directionality towards the cluster. Cp-Ti, showed some dead cells
on Day 2 (Fig. 4.17-e) but the cell growth was progressive on Day 3(Fig. 4.17-g). Even
though the cell growth increased with duration of the study, the cell density on Day 2 and
Day 3 appeared lower than alumina-TiC qualitatively and there were no clusters of cells
observed. GC-CoCrMo showed fewer cells and some dead cells on Day 3. When we look
at the results obtained from semi-quantitative analysis, percentage of viable cells shows
no significant difference (p<0.05) on Day 1 and Day 3 between cp-Ti and alumina-TiC
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composite. Cell growth on GC-CoCrMo was no different than other two materials on Day
1, however, there were no/dead cells on Day 2 and Day3.

Fig. 4.17-a : Day 1-Alumina-TiC
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Fig. 4.17-b : Day 1-Cp-Ti

Fig. 4.17-c: Day 1 -GC-CoCrMo

Fig. 4.17-d: Day 2-Alumina-TiC
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Fig. 4.17-e : Day 2-Cp-Ti

Fig. 4.17-f : Day 3-Alumina-TiC
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Fig. 4.17-g : Day 3-Cp-Ti

Fig. 4.17-h: Day 3-GC-CoCrMo
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Fig. 4.17: Images after LiveDead assay showing the cell viability over the course of
Day 1, 2 and 3 (Green=Live Cells and Red=Dead Cells & scale bar is 400 µm)
Percentage of cell viability is presented here as a means of semi-quantitative
analysis of direct contact study. As we see in Fig. 4.18, the percent cell viability is
statistically no different between Day 1, 2 and Day 3 among type of material. It is
important to note that these numbers are derived from 10X magnification, which is a
small area and that formation of cell colonies were observed in lower magnification of
2X. There is some cell loss due to experimental handling because we see good cell
viability for cp-Ti on Day 3. There is no significant difference between cell viability
observed on alumina-TiC composite and cp-Ti on Day 1 and Day 3. This implies the
cytocompatibility of alumina-TiC composite is just as good as cp-Ti which is already
popularly used as biocompatible material for dental and orthopedic applications[32]–[34].
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Fig. 4.18: Cell viability of HB-MSCs on Day 1, 2 and 3 of direct contact study
derived from 10 X images. Statistically significant difference observed only on Day 2
(p<0.05)
Looking back at results from contact angle measurements, alumina-TiC have the
highest contact angle (69.62°) than cp-Ti (61.83°) and GC-CoCrMo (40.27°), implying
that alumina composite has lower surface energy than other two even though it is
considered hydrophilic by traditional definitions. This can explain fewer number of cells
due to poor adhesion of cells observed for alumina-TiC on Day 1 for direct seeding
experiment. The observations from direct cell seeding on GC-CoCrMo experiment
implies that, having lower contact angle doesn’t necessarily mean the material is more
biocompatible. Highly hydrophilic surface deters cell-cell interactions that interfere in
success of biomaterial in tissue engineering or even blood contacting applications, which
likely could be explanation of dead cells on GC-CoCrMo and more repetitions are need
to verify this result. A balance of hydrophilic and hydrophobic properties could be the
best scenario that allows intercellular signaling and a strong cell-substrate adhesion[35].
However, when surface roughness is compared, root mean square surface
roughness of alumina-TiC (58.39 nm) is higher than cp-Ti (44.84 nm) but not statistically
different than GC-CoCrMo (52.67nm). This indicates that surface roughness plays a
supportive role in cell proliferation[36] once it is passed the stage of adhesion although
not solely an important role. It is surface energy that affects cell adhesion strength and
proliferation[37].
4.3.7.2 Indirect Contact study
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A significant difference in cellular metabolism, between extraction medium from
alumina-TiC and cp-Ti and GC-CoCrMo on all time points day 1,4 and 7 (Fig. 4.19-a)
was observed. At all timepoints, the relative fluorescence percentage was the highest for
extraction medium from alumina-TiC composite than cp-Ti and GC-CoCrMo. This
reading could reflect proliferation or differentiation or other cellular mechanisms. Except
for Day 1, there was no statistically significant difference in cell proliferation in
extraction medium of cp-Ti and GC-CoCrMo. The proliferation of HB-MSC declines
from Day 1 to Day 4 in for all extraction mediums, however except for cp-Ti there is no
significant difference between fluorescence reading on Day 4 and Day 7 for alumina-TiC
and GC-CoCrMo. Cell metabolism progressively declined with every time point for
extraction medium from cp-Ti. From live-dead images on Day 7 cells seeded in aluminaTiC extraction medium showed good dense cellular growth but there were some regions
with dead cells too(Fig. 4.19-b), as indicated by fluorescence readings,. However, the cell
spreading was minimal and did not show healthy appearance in extraction medium from
cp-Ti and GC-CoCrMo on Day 7 and all cells were stained red. The results from direct
seeding matches what we observe for indirect seeding study for GC-CoCrMo.
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Fig. 4.19-a: Relative fluorescence percentage as a measure of cell proliferation after
staining with AlamarBlue assay (Red indicates: significant difference p<0.05)
On Day 1 there is significant difference between fluorescence reading between mediums
from all three samples, with alumina-TiC medium being the highest. On Day 4 and Day
7, medium from cp-Ti and GC-CoCrMo showed no significant difference while their
fluorescence readings, like Day 1, were lower than alumina-TiC medium.
From this study, we can infer that alumina-TiC is not cytotoxic and doesn’t leach
any ions into the surrounding medium that can prevent cell growth and metabolism for
duration of 7 days. Alumina-TiC composite offers a surface state that allows cell
attachment to the surface, intercellular interactions, growth and it can potentially be used
in applications that requires integration with biological environment. However,
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Fig. 4.19-b : 10X image of HB-MSCs in alumina-TiC extraction medium on Day 7
after Live/Dead assay
observations from this indirect contact study do not indicate reliably that alumina-TiC
composite is a better surface for cell attachment and growth than cp-Ti or GC-CoCrMo.
There could be several factors contributing - not all surfaces of cp-Ti and GC-CoCrMo
sample are of same finish, only one surface is and there could be some toxic leachable
release from their surface that enter into the media.
4.3.8 Analysis of Study
Outcomes from different kinds of electrochemical tests and material analysis
techniques provided detailed clues of suitability of alumina-TiC composite for biological
applications. In this study, electrochemical response of alumina-TiC to abrasion was
lower than cp-Ti and similar to GC-CoCrMo. However, GC-CoCrMo showed release of
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Co ions into the solution for long duration abrasion study and it has least stable protection
from passive film as indicated by passivity index study. The statistically similar oxidation
response of GC-CoCrMo to abrasion when compared with alumina-TiC, can be attributed
to the wear resistant graphite layer on CoCrMo substrate. The superior wear resistance
due to graphite layer is also seen in no change in area RMS surface roughness or
topographical profile of GC-CoCrMo before and after abrasion. On the other hand, the
higher electrochemical stability of alumina-TiC composite is also evident by no release of
metal-based debris in solution, wide passivity range and noble corrosion parameters,
especially under abrasive conditions. Cp-Ti showed no passivity breakdown in passivity
index study but when subjected to mechanical process it becomes more electrochemically
active than alumina-TiC. The observations of electrochemical studies are also supported
by the contact angle measurements of alumina-TiC composite, cp-Ti and GC-CoCrMo.
The alumina composite shows the highest angle of nearly 69˚ among all which is
traditionally still considered hydrophilic. The lowest contact angle and highest surface
energy of GC-CoCrMo allows greater surface area in contact with fluid and presents
higher probability of electrochemical interaction with conducting media and hence poor
resistance to undesirable electrochemical activity on the surface. Comparatively, these
observations strongly point to better electrochemical stability of alumina-TiC than
metallic counterparts in biological conditions. Also, while considering the outcomes of
cytotoxicity and direct contact cytocompatibility test, alumina-TiC composite supported
cell growth and proliferation, hence it can be concluded with reasonable confidence that
alumina-TiC is a promising candidate for applications where it has to interact with living
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components in biological milieu without causing serious undesirable effects to cellular
components and its surrounding environment.

4.4 Conclusion
An indepth insight into alumina-TiC performance was obtained from quantitative
and qualitative observations from electrochemical, biological and material
characterization methods. Comparison with cp-Ti and GC-CoCrMo gave an
understanding of its relative performance with metallic counterparts. In this chapter it
was observed that:
•

In response to a tribological process, the electrochemical response of alumina-TiC
composite was less than cp-Ti and this response is further mitigated in presence of
proteins

•

Alumina-TiC showed a typical abrasive damage on alumina domain and almost
no damage on alumina domain in presence of proteins

•

In biological inorganic environment, alumina-TiC composite showed a formation
of stable TiO2 film that provide protection from harmful electrochemical
processes on the surface

•

There was no metal ion release from extended abrasion of alumina-TiC indicating
that long term use of alumina-TiC composite shall not cause any adverse tissue
reaction
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•

From thermodynamic point of view, alumina-TiC is less prone to oxidative
processes than cp-Ti and the lower corrosion rate under abrasion conditions was
also significant indicator of its chemical stability in biologically relevant solution.

•

Alumina-TiC formed a passive oxide layer that is stable for a range of 2V and
offered better protection to pitting corrosion than GC-CoCrMo

•

The wettability of alumina-TiC is comparable with cp-Ti and it offers a surface
that is hydrophilic that allows adhesion of proteins and but not too wettable to
facilitate the possibility of unwanted electrochemical interaction with aqueous
environment

•

The surface of alumina-TiC composite allowed cell growth and metabolism and
the cell viability was just as good as biocompatible cp-Ti

•

Wear performance of alumina-TiC composite was not as good as GC-CoCrMo
due to inherent brittleness of alumina that is prone to micro-chipping even under
gentle abrasive process

It is important to note that some improvements may be needed in material design to
improve resistance of alumina to chipping at microstructural level. Overall, from
electrochemical point of view, it is established that alumina-TiC is a good candidate
for biomedical applications and its potential use should be assessed for implant use.
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CHAPTER 5
CONCLUSIONS AND FUTURE STUDIES
5.1 Introduction
In previous chapters, electrochemical behaviour of alumina-TiC composite under
abrasion was assessed to uncover the conditions under which it undergoes mechanically
assisted electrochemical degradation (MAED). For orthopaedic applications, MAED is
one of major concerns to account for to avoid implant failure. Inflammatory response and
osteolysis are the grave consequences of MAED. Therefore, it is absolutely necessary to
consider electrochemical implications when we consider alumina composite reinforced
with electroactive reinforcement like TiC. It was determined that alumina-TiC undergoes
tribo-electrochemical wear and while TiC contributed to electrochemical response under
abrasive condition alumina underwent mechanical wear in form of microploughing. The
degradation mechanism involved interplay between wear and electrochemical processes
and the magnitude of degradation depended on environmental conditions like temperature
and pH. The major factor missing in this study was the effect of load on degradation
mechanism. The experimental apparatus designed for gentle abrasive mechanism did not
involve conforming contact. Load plays a significant role in generation of wear debris
that can affect electrochemical response too. Under high loading conditions, crystal
lattice structure under loaded area are deformed and a greater number of atoms are
exposed to surrounding environment thereby increasing electrochemical activity of
material. Hence, using biologically relevant load condition to evaluate the
electrochemical of composite under mechanical conditions would provide more accurate
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insights. Nevertheless, abrasion process used in this research provided information on
electrochemical behaviour on a more conceptual level.
The observations from electrochemical assessment in biological aqueous
environment established that alumina-TiC composite is electrochemically stable. Under
abrasive condition, the electrochemical response is much lower than metallic counterparts
and it forms a stable oxide layer that offers protection against corrosive processes. The
most significant finding was that it allows cells growth and it is not cytotoxic and does
not release any elements that hinder cell growth or could possibly trigger inflammatory
response. However a separate animal study needs to be performed to study acute or
chronic inflammation response when alumina-TiC is introduced in an animal model.
Supported by encouraging results, it is inferred that alumina-TiC composite has potential
to be used for biomedical applications for invivo use. However, research in this
dissertation provided insights from just electrochemical point of view and preliminary
biological tests established cytocompatibility of alumina-TiC composite. However, a
thorough and multifaceted assessment that accounts for complex, interactive and dynamic
performances including mechanical, biological, tribological, electrochemical, mechanoelectrochemical, as well as host-biomaterial interactive behaviour, is necessary for us to
gain better insight into the in-vivo performance of alumina-TiC composite. In the
following sections, possible areas of investigation are briefly discussed that shall provide
a more holistic analysis on performance of alumna-TiC composite as a good biomaterial.

5.2 Crystallographic Study
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Oxidation and electrochemical characteristics of a material (metal/metal
alloy/non-oxide ceramic) depends on the characteristics of surface layer. Metals and
ceramics are crystallographic and each of them have a repeated pattern of atomic
arrangement. The basic kinds of arrangement of atoms in a crystallographic unit are face-centered cubic (FCC), hexagonal close-packed (HCP) or body-centered cubic
(BCC). The surface property of crystallographic material at atomic level depends on the
angle of planes of atomic arrangement intercepting the surface. This angle also affects the
tendency of the material to react with environment and its resistance to corrosion or
electrochemical processes. The angle of crystallographic plane with surface affects
number and the binding energy of atoms on the top layer[1]. Like base crystallographic
plane or plane parallel to surface is more corrosion resistant than cross sectional planes
that exposes more atoms to the environment. The rate and degree of electrochemical
attack on sample surface depends on detailed crystallographic parameters on surface.
Alumina-TiC composite consists of TiC grains embedded in alumina matrix. Each grain
consists of unique orientation. The grain boundary region is where structural
discontinuity is present, and this region becomes susceptible to preferential attack in
harsh chemical environments. In studies so far about electrochemical behavior of a
material, very little attention is paid to the crystallographic structure of the surface plane
and how it affects the reactivity. Superficial crystallographic analysis may help to
introduce changes in material design and reduce the possibility of surface alterations due
to deleterious chemical reactions with environment.
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Preliminary information like crystal lattice constants, facet formation can be
obtained from X-ray Diffraction (XRD) analysis along with information on
thermodynamic and kinetic aspects of the surface [2]. Information form XRD combined
with Electron backscatter diffraction (EBSD), that gives information of orientation of
crystals on surface and their defects, would give complete picture of crystallographic
properties of surface.

5.3 Mechanical Study
Important mechanical properties to be considered for ceramic and their
composites for biomedical implant applications are Young’s modulus, compressive
strength, microhardness, wear resistance, flexural strength and surface finish (less than 50
nm). An experimental design that measures these parameters needs to be performed to get
insight into mechanical performance of alumina-TiC composite under biologically
relevant loads. As TiC improves mechanical properties, a study can be designed to
observe how volume of TiC affect mechanical properties of alumina composite.
For ceramics and their composites, two properties that are important in terms of
wear resistance are- fracture toughness and hardness. A thorough investigation of the
wear performance could be characterised by parameters like friction co-efficient, mass
loss, wear volume. It is extremely important to note that wear performance is a function
of a specific system and hence specific wear testing apparatus should be employed
wherein alumina-TiC is coupled with polymer, metallic or ceramic counter body to
simulate articulating surfaces designed for load condition relevant to orthopaedic

164

applications. Some materials lose their mechanical strength in aqueous environment over
time with or without cyclic loads. Therefore, it would be interesting to study degradation
of mechanical properties of alumina-TiC over time and get insight into longevity of
composite under loaded conditions. As mentioned earlier, the abrasion process used in
this research work is based on custom built apparatus performing gentle abrasion on the
surface with a nylon brush. In real situations, the amount of contact load is much higher
for TKR and THR applications[3], [4] and assessment of mechanical and wear
performance under biological loads would be more relevant for orthopaedic applications .

5.4 Studies for Biocompatibility
In previous study, we performed in-vitro method to characterise cytocompatibility
and cytotoxicity of alumina-TiC composite with human bone-bone derived mesenchymal
stem cells (HB-MSC) and observations were encouraging. However, for biocompatibility
several other factors need to be assessed based on the application. Specific guidelines can
be obtained from standards organization like American Society for testing and Materials
(ASTM), International Organisation for Standardization (ISO) and federal agencies like
National Institutes for Health (NIH) and Food and Drug Administration (FDA)[5] to
perform a complete analysis of biocompatibility and it is briefly discussed below:
5.4.1 In-vitro testing
Cytocompatibility and cytotoxicity of alumina-TiC has already been tested for
HB-MSC in previous chapter and it was observed that alumina-TiC allowed cell
attachment, proliferation and it did not release any toxic elements in media that could
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inhibit growth of HB-MSC. However, its specificity and selectivity to a particular cell
line should be tested based on application. To determine if alumina-TiC allows stem cell
differentiation into bone cells for orthopaedic applications, further cell-based studies are
imperative that focus specifically on osteogenic differentiation of stem cells on aluminaTiC composite by using protein analysis method.
Hemocompatibility is required to determine the ability to form blood clots on
surface and if alumina-TiC can activate plasma coagulation cascade and provide a surface
that allows platelet adhesion and adsorption of related growth factors. In case of an
application where the composite may come in touch with circulating blood, any damage
caused on red blood cells and activation of white blood cells should also be studied.
5.4.2 In-vivo testing
This is a critical and compulsory step of biocompatibility evaluation of any
biomaterial before clinical trials. It is expensive, time consuming and complex to analyse.
Non-functional animal testing consists of using sample of arbitrary shape and implant
them in the location specific to the application. Acute or chronic systemic inflammation
should be evaluated in absence of its functional operation as this is the first step a
biocompatible material should pass through to be integrated into body. Functional tests
would consist of testing alumina-TiC composite true to scale, design and location of its
intended use (external communicating or implant applications). Different parameters like
genotoxicity, carcinogenic response, wound healing response, acute and chronic systemic
toxicity[6]–[8] can be evaluated. However, functional testing shall entail detailed analysis
on design and material synthesis methods.
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5.5 Final Statements
Biomaterial is a special class of material for which biocompatibility criteria
should be met. Many factors constitute biocompatibility. MAED, although a mechanical
and electrochemical process play an extremely significant role in sustained
biocompatibility of a material. Any electroactive addition to alumina needs to be
evaluated for mechanically assisted electrochemical degradation. Through current
research, it is established that wear resistant alumina-TiC ceramic composite, containing
electroactive TiC, is electrochemically stable in biological environment and a
groundwork for future biocompatibility assessment has been laid for its potential use as
biomaterial.
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